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Mn-based perovskite oxides (manganites) have been studied extensively for the past 
fifteen years due to the colossal dc magnetoresistance behavior exhibited by them and 
their strong correlation between charge, spin and lattice degrees of freedom. In this 
thesis, I have investigated electrical, magnetotransport (dc and ac), dielectric and 
magnetocaloric properties in selected A- and B-site substituted manganites having the 











and B = Mn. The investigated systems are: La0.7-xBixSr0.3MnO3 (A-site doped), 
La0.7Sr0.3Mn1-xFexO3 (B-site doped) and La0.5Ca0.5Mn1-xNixO3 (B-site doped).  
La0.7-xBixSr0.3MnO3 (A-site doped): The Bi doping in La0.7Sr0.3MnO3 transforms the 
low temperature ground state from a ferromagnet metal (x = 0) to a charge-ordered 
antiferromagnetic insulator for x ≥ 0.35. While the paramagnetic-ferromagnetic 
transition is second-order in x ≤ 0.25, it changes into first-order for x = 0.3, which is at 
the bicritical point. Magnetic phase diagram has been obtained. The compound x = 0.3 
shows unusual electrical, magnetic and magnetotransport properties, which includes 
hysteresis in magnetization as a function of temperature, field-induced metamagnetic 
transition in the paramagnetic state, field-induced insulator to metal transition at low 
temperature, cluster glass state below 100 K, CMR state below 100 K, and 
enormously large residual resistivity (~ 10
4
) at 20 K. The unusual magnetic and 
magnetotransport properties of x = 0.3 are attributed to the existence of short-range 
charge-orbital correlation in the paramagnetic state above TC and the co-existence of 
ferromagnetic and short-range charge ordered phase below TC.  
We have also studied the magnetocaloric effect in low doped Bi compounds (x 
≤ 0.4), which shows a large magnetic entropy change for x = 0.05. The compound x = 
0.3 shows a significant value of magnetic entropy change over a wide temperature 
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 viii 
range (~ 50 K) and large RCP value in the paramagnetic state. A stiff competition 
between the ferromagnetic and charge ordered state in x = 0.3 is suggested to the 
cause for this behavior. Investigation of high frequency electrical properties in the 
metallic compounds in the series (x ≤ 0.2) revealed unusually large ac 
magnetoresistance (e.g. ∆R/R = - 24.3% at ∆H = 500 Oe for x = 0.1) around their TC, 
which is suggested to arise from the suppression of ac transverse permeability caused 
by increase in electromagnetic skin depth under a magnetic field. A large dielectric 
constant is also found in the insulating compounds (x ≥ 0.3), which is suggested to 
intrinsic origin and is caused by the variable range hopping of localized charge 
carriers.   
La0.7Sr0.3Mn1-xFexO3 (B-site doped): The Fe doping in La0.7Sr0.3MnO3 transforms the 
low temperature ground state from a ferromagnet metal (x = 0) to spin glass state (x = 
0.2-0.5) to antiferromagnetic insulator for x > 0.5. The study of magnetocaloric effect 
in these compounds shows a large magnetic entropy change for x = 0.05 and it 
decreases with increasing x. Among the series, the compound x = 0.07 shows a large 
magnetic entropy change, large RCP and operating temperature range around room 
temperature, which is a potential candidate for magnetic refrigerant material. The high 
frequency electrical properties in these compounds are similar to that of Bi-doped 
compounds.  
La0.5Ca0.5Mn1-xNixO3 (B-site doped): In contrast to the above two series of 
compounds, Ni doping in La0.5Ca0.5Mn1-xNixO3 converts the charge ordered insulator 
(x = 0) into a ferromagnetic metal (x ≥ 0.02). The magnetocaloric properties in these 
compounds reveal that while both normal (negative magnetic entropy change) and 
inverse (positive magnetic entropy change) magnetocaloric effect is observed for x = 
0, only normal magnetocaloric effect is observed for all Ni doped compounds. The 
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 ix 
compound x = 0.04 shows the largest magnetic entropy change (∆Sm = - 3.9 J/kgK for 
∆H = 5 T) and largest relative cooling power (RCP = 235 J/kg) in the series. The ac 
high frequency electrical properties in this compound (x = 0.04) shows strikingly 
different from the above two series of compounds. A large positive ac 
magnetoresistance is found, which is suggested to the competition between the 
dielectric relaxation, suppression of spin fluctuations below TC and increase in the 
volume fraction of the sample. 
Overall our investigation shows that, both Bi (A-site) and Fe (B-site) doping in 
La0.7Sr0.3MnO3 converts the ferromagnetic metal into antiferromagnetic insulator 
although the mechanisms by which it takes place are different. Investigation of high 
frequency electrical properties in these compounds revealed unusually large ac 
magnetoresistance in metallic compositions, whereas the insulating compositions 
showed good dielectric properties. Influence of A- and B-site doping on magnetic 
entropy change has been studied, which shows a large value of negative MCE for low 
doped compositions. In contrast to the above two series of compounds, Ni doping in 
La0.5Ca0.5Mn1-xNixO3 converts the charge ordered insulator into a ferromagnetic metal. 
Both positive and negative values of MCE are observed around TCO and TC for the 
undoped compound and only negative value of MCE is observed for doped 
compositions. The ac magnetotransport properties of the compound (x = 0.04) is 
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Materials showing multifunctional properties have sparked renewed interest in recent 
years owing to the rich fundamental physics involved and their potential in technological 
applications. In particular, the oxides exhibit interesting variety of physical properties 
such as metal-insulator transition, charge-orbital ordering, phase separation, co-
existence of ferromagnetism and ferroelectricity, high TC superconductivity etc. Some of 
these phenomena are due to the competing interactions among spin, charge, orbital, and 
lattice degrees of freedom [1]. The delicate balance among these interactions and their 
spectacular sensitivity to some external stimuli such as magnetic field, electric field, 
pressure, x-ray irradiation etc. leads to very interesting physical properties, which 
includes colossal magnetoresistance, colossal electroresistance, colossal dielectric 
constant, large magnetocaloric effect etc. The prime challenge in these materials is to 
study the complex properties and to understand the fundamental physics involved. 
     This chapter is organized as follows. First, we present a brief overview on 
perovskite manganese based oxides (manganites) and its colossal magnetoresistance 
effect. Then we discuss some intriguing features such as charge-orbital ordering, phase 
separation and related features in manganites. Later, we present a brief description about 
the ac magnetoimpedance and its usefulness in magnetic sensors. A comparison between 
the magnetoimpedance sensors with other existing magnetic sensors is also provided. 
Next, we present a summary on the dielectric properties and their mechanisms in non-
ferroelectric oxides. Then, a concise literature survey on magnetocaloric effect is 
presented. Then, I highlight the scope and objectives of the work presented in the thesis. 
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This chapter ends with a brief summary on the organization of the rest of the chapters in 
the thesis.  
1.1 Manganites 
1.1.1 Crystallographic structure 
Manganese based oxides (manganites) generally belong to perovskite structure with the 
general formula ABO3, where A–site is occupied by bigger size cations such as rare earth 
or alkaline earth ions and B–site is occupied by smaller size cations such as transition 
metal ions i.e. Mn.  In an idealized cubic unit cell, the A cations occupy the corner 
positions (0, 0, 0), B cations occupy the body centered positions (1/2, 1/2, 1/2) and 
oxygen anion occupy the face centered positions (1/2, 1/2, 0), which are shown in Fig. 
1.1(a). Hence, the coordination number of A, B and O atoms are 12, 6, and 8. However, 
the ion size requirements for stability of cubic structure are quite stringent. Hence, the 
buckling and distortion of MnO6 octahedra stabilize in lower symmetry structures, in 
which the coordination number of A and B site ions are reduced. For example, tilting of 
MnO6 octahedra reduces the coordination number of A site ions from 12 to as low as 8. 
The positions of ―Mn‖ and ―O‖ ions in the MnO6 octahedra are shown in the schematic 
diagram in Fig. 1.1(b). Here, two non-equivalent positions of oxygen (i.e. apical (O1) and 
equatorial (O2) determine the degree of distortion of MnO6 octahedra in terms of the Mn-
O-Mn bond angles and Mn-O bond lengths. Similar octahedral tilting type distortion was 
first examined by Goldschmidt in 1926. He suggested that the degree of distortion can be 
determined by a quantity called tolerance factor (t), which is expressed as, 
 2A O B Ot r r r r   ,                                 (1.1)                                                   
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where Ar , Br and Or  are the average ionic radii of A-site, B-site and oxygen anion 




                                                                                       
Fig.1.1: Schematic diagram of the (a) Cubic perovskite structure, and (b) MnO6 
octahedra. 
 
When t = 1, the structure belongs to cubic. The orthorhombic and rhombohedral 
structures are commonly observed in manganites in which t < 1. It has been suggested 
that, the tilting of MnO6 octahedra has a large influence on transport properties of 
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manganites. The above equation suggests that, the distortion mainly depend on the ionic 
radii at the A-site. Another possible cause for the distortion may be the A-site size 
mismatch that arises from doping different ions at the A-site.  
1.1.2 Average ionic radii at the A-site 
Average ionic radius at the A-site is calculated using the following equation
A i i
i
r x r 
                                       
(1.2)                                                                     
where xi and ri are the fractional occupancies and the ionic radii of the i
th
 cation, 
respectively. The change in ionic radii affects the Mn-O-Mn bond angle and in turn tilts 
the MnO6 octahedra, which largely affects the electrical and magnetic properties in the 
compound [4].
 
1.1.3 Size Variance ( 2
A ) at the A-site 
The magnitude of disorder arising from doping of different size of cations at the A-site 
can be evaluated by the variance of ionic radii [5,6],  
22 2
A i i A
i
x r r  
                                                                                               
(1.3)                    
This size variance due to different size of A-site dopants leads to displacement of oxygen 
atoms and is shown in Fig. 1.2 [7]. The displacement of oxygen ions also tilt the MnO6 
octahedra and induce distortion in the compound, which is shown in Fig. 1.3. 
 




Fig. 1.2: A simplified model for local oxygen displacements in ideal cubic ABO3 
perovskite. The position of different ions in 2D is shown schematically in (a) and as 
spherical ions in (b) with rA
0
 as the ionic radii of A- site cation. (c) Cation size 
disorder gives rise to random oxygen displacements Q = σ and (d) reduction of ionic 
radii at the A site leads to ordered oxygen displacements Q = rA
0




Fig.1.3: A schematic presentation of the MnO6 distortion due to cation size 
mismatch at the A-site. 
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1.2 Important physical properties in manganites 
1.2.1 Orbital Ordering 
In manganites, the electronic properties are intimately related to the lattice. These 
compounds show many interesting features due to the strong interplay between the spin, 







), Mn exists only as Mn
3+







) has four 3d electrons in the outermost energy level and 
has to be accommodated within five degenerate orbital states. These degenerate energy 




, 2 2x yd  ) with a large energy gap between t2g and eg orbitals, in octahedral 
symmetry [8]. It is to be noted that the crystal field is an electric field due to the 
neighboring atoms in the crystal and it depends mainly on the symmetry of the local 
octahedral environment [9]. The crystal field splitting energy between t2g and eg levels is 









 has one outermost electron. Since, only Mn
3+
 ions are present in 
the compound, the outermost eg electrons cannot participate in the transport process due 
to Coulomb repulsion among the neighboring eg electrons. Hence, the Mn
3+
 ions often 
show a long range eg orbital ordering associated with the cooperative Jahn-Teller effect 
(JT) i.e. the two eg orbitals ( 2 233 Z rd  , 2 23 x yd  ) ordered in the ab plane in an alternating 
fashion. The splitting of energy levels by JT distortion is shown in Figs. 1.4. There are 
two types of distortions associated with the JT effect: Q2–type and Q3–type, which are 
shown in Figs. 1.5 (a), and (b), respectively [10]. The Q2–type distortion is an 
orthorhombic distortion obtained by certain superposition of 2 233 Z rd  and 2 23 x yd  orbitals. 
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The Q3–type distortion is a tetragonal distortion which results in an elongation or 
contraction of the MnO6 octahedron corresponding to the filled 2 233 Z rd  or 2 23 x yd 
orbitals, respectively. Mathematically, the Q2 and Q3 distortion modes are expressed as 
Q2 = 2(l - s) /√2 and Q3 = 2(2m – l - s) /√6,                     (1.4)                                                            
where l and s are Mn-O bond lengths in the ab plane and m is the Mn-O out of plane bond 
length (see Fig. 1.6) [10]. Hence, the l, s and m value will determine the type of distortion 
present in the compound. This JT distortion occurs at a much higher temperature (TJT ~ 
800 K) than the antiferromagnetic transition temperature (TN ~ 140 K) in LaMnO3. The 
studies of doped LaMnO3 showed that, the JT distortion is very effective in lightly doped 
compounds i.e. for large concentration of Mn
3+
 ions. With increasing Mn
4+
 ions, the JT 
distortion is suppressed. For a critical concentration of 21% Ca and 12.5% Sr doping at 
the A-site, the JT distortion is completely suppressed.                              
                                                               
Fig. 1.4: Energy level splitting of degenerate d-orbital’s by Jahn-Teller distortion.  





 Fig. 1. 5: The relevant modes of vibration are (a) Q2 and (b) Q3 for the splitting of 
the eg doublet (Jahn–Teller distortion). 
 
                                                    
 
Fig.1.6: (a) The J-T distorted perovskite structure (the rotation is not indicated). 
The cubic and orthorhombic unit cells are indicated by thin and thick contours 
respectively. (b) The ab plane highlighting the alternation of the short and long Mn-
O distances in a and b directions                                                                                                                                      
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1.2.2 Electronic features in hole doped manganites 
In a Mn
3+
 based compound (e.g. LaMnO3), the t2g electrons are stabilized by 
crystal field splitting and viewed as a localized state due to the strong correlation among 
electrons. The eg electrons also form localized state due to the strong hybridization 
between the eg–orbital and 2p-orbital of oxygen, forming so called Mott insulators [11]. 
However, the eg electrons are itinerant and participate in the conduction process, when 
holes or Mn
4+
 ions are created in the eg orbital state by doping divalent ions at the La 
site. There exists a strong coupling between the t2g electron localized spin and eg 
conduction electron spin, which follows Hund’s rule. The exchange energy or coupling 
energy, JH, is very large ~ 2-3 eV in manganites compared to the intersite hopping 
interaction 
0
ijt  of the eg electron between the neighboring site i and j. In strong coupling 
limit (JH ≫ tij), the effective hopping interaction of eg electrons can be expressed as:
0 cos( / 2)ij ij ijt t  ,                                                                          (1.5)                        
where θij is the relative angle between the neighboring spins [12]. This equation 
suggests that the magnitude of the hopping interaction depends on the angle between the 
neighboring spins. When the spins are aligned parallel (i.e. in ferromagnetic state), 
0
ij ijt t  (θij = 0). This ferromagnetic interaction via hopping of eg (conduction) electron is 
termed as Zener’s double exchange interaction after the idea put forward by Zener in 
1951 [13]. A schematic representation of the double exchange mechanism is shown in 
Fig. 1.7. At and above the ferromagnetic transition temperature (TC), the spins are 
randomly oriented in different directions. Hence the effective hopping interaction is 
reduced on average, which leads to enhancement of dc resistivity in this region.  
However, the spins around the TC are easily aligned by the application of external 
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magnetic field and hence a large magnetoresistance (MR) is observed around the TC. 
Hence, Zener’s double exchange model satisfactorily explains the occurrence of large 
magnetoresistance around the TC.  
 
Fig. 1.7: (a) Schematic representation of the double exchange mechanism proposed 
by Zener (b) sketch of de Gennes spin-canted states. 
 
1.2.3. Magnetoresistance in hole doped manganite (La1-xSrxMnO3) 
The compound, La1-xSrxMnO3, is a well studied ferromagnetic system based on Zener’s 
double exchange interaction because of its largest one-electron band width and hence is 
less affected by the electron-lattice and electron-electron coulomb interactions. With 
increase in hole doping in LaMnO3 (i.e. Sr doping at the La site), the angle between the 
spins in the ordered antiferromagnetic state decreases and they produce spin canting [14]. 
The angle between neighboring spins decreases with increasing doping concentration and 
finally the antiferromagnetic state (x = 0) transforms into a ferromagnetic state for x > 
0.15. The ferromagnetic phase increases with further increase in doping up to x = 0.3 and 
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then saturates. The TC is found to be highly sensitive to the doping concentration of 
divalent ions and also to self doping and Mn-site substitution by other transition metal 
ions.  
 Urushibara et al. [15] studied the temperature dependence of the dc resistivity for 
selected compositions in this series (x ≤ 0.4) and found a semiconducting behavior (dρ/dT 
< 0) above TC and metallic behavior (dρ/dT > 0) below TC for x ≤ 0.3. For x = 0.175, they 
showed that maximum MR occurs in the region separating the insulating state at high 
temperature from metallic state at low temperature. Note that this study is performed on 
single crystals. The MR is defined as  
MR = [ρ(H)- ρ (0)]/ ρ (0)                                                                                    (1.6)                                                                            
A correlation between the magnetoresistance and magnetization is also found near TC, 
which is expressed by a scaling function as follows. 
   
2
( ) (0) / (0) / sH C M M                                                             
(1.7) 
where Ms is the saturation magnetization of the compound.  
The scaling constant, C, measures the effective coupling between the eg 
conduction electron and t2g local spin and is highly sensitive to the doping concentration. 
The above relation is also valid for polycrystalline samples at higher fields, but it is not 
valid for low fields. The power exponent is less than 2 at low field in polycrystalline 
samples. In polycrystalline samples, the MR shows rapid increase at lower magnetic 
field, followed by slow increase at higher magnetic field [16]. It was suggested that 
while the motion of ferromagnetic domain walls occur in the ferromagnetic state, the 
grain boundaries also contribute to MR at T ≪ TC. Interestingly, both the features are 
observed in the field dependence of MR at T ≪ TC, which is absent in single crystals.  
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Another important feature in CMR manganites is a semiconducting or insulating 
behavior in resistivity above TC in low x region (x = 0.15-0.2). In these cases, the MR is 
more pronounced around TC. Since the resistivity was too high to be interpreted in terms 
of DE model, Mills et al. [17] suggested its origin to the dynamic JT distortion. It is to be 
noted that, static JT distortion vanishes for x > 0.125. However, dynamic JT distortion 
can remain finite above TC when the carrier mobility is reduced by disorder spin 
configuration in the paramagnetic state. In fact, the dynamic JT distortion is observed 
above TC in narrow band-width systems e.g. in La1-xCaxMnO3. 
 Another possible origin of the resistivity increase above TC and its suppression 
under magnetic field has been attributed to the Anderson localization of the DE carriers 
arising from the random potential present in the solid solution [18] or to 
antiferromagnetic spin fluctuations, which competes with the DE interactions [19]. 
However, from the above discussions it was not clear how the orbital, spin and lattice 





 ions can be ferromagnetic or antiferromagnetic 
depending on the relative orbital orientation [20]. If empty eg orbital of Mn
3+
 ion overlaps 
with the half-filled eg orbital of other Mn
3+
 ions through intervening oxygen, then the 
interaction is ferromagnetic.  If half or full filled eg orbitals of Mn
3+
 ions overlap each 







 ions will be always antiferromagnetic. Hence, there is a possibility of 
correlation among orbital, spin and lattice degrees of freedom in manganites. Now we 
will discuss the importance of charge ordering in the colossal magnetoresistance behavior 
and its correlation with spin, lattice and orbital degrees of freedom in manganites. 
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1.2.4 Charge Ordering 
 Charge ordering in manganites refers to the ordering of transition metal ions in 
different oxidation states on specific lattice sites. This charge ordering generally localizes 
the charges and restricts the electron hopping from one site to other.  This renders the 
material semiconducting or insulating. The study of charge ordering recently received a 
lot of attention due to the discovery of colossal magnetoresistance and other novel 
properties, although this phenomenon was first reported by Wollan and Koehler in 1955 
[21] and later by Jirak et al. in 1985 [22]. Generally, the charge ordering is favored in the 
half doped compounds (e.g. in RE0.5AE0.5MnO3, where RE = La, Pr, Nd, AE = Sr, Ca) 




 ions. However, it was also found in some 
compositions with 0.3 < x < 0.7, depending on the size of RE and AE ions. In the case of 
La1-xCaxMnO3 with x = 0.5, the ferromagnetic state transforms into a charge ordered state 
with lowering temperature below 150 K. This charge ordered insulating phase at low 
temperature is associated with the antiferromagnetic ordering of spins and orbitals, 
forming so called CE type ordering are shown in Fig. 1.8 [23]. It is worth to mention here 
that this type of ordering pattern was also observed in the ground state of most of the half 




 ions reduces 
the Coulomb repulsion energy and exchange interaction energy among the ions by orbital 
ordering [24]. In addition, it also reduces the JT distortion energy of Mn
3+ 
ions. The 
evidence for charge, orbital and magnetic ordering in La0.5Ca0.5MnO3 was found by 
Cheong and co-worker in 1997 [25]. Synchrotron X-ray and neutron diffraction study 
indicated a hysteric behavior in lattice parameters between the TC and TN due to the 
development of JT distortion of MnO6 octahedra. A coherent ordering of Mn
3+
O6 and 





O6 octahedra was also observed from x-ray satellite reflections around the onset of 
antiferromagnetic transition. These satellite peaks were also found to be associated with 
the transverse modulation with q = [1/2-ε, 0, 0], which indicates that the quasi-
commensurate (ε ~ 0) orbital ordering occurs in the a-c plane.    
  
Fig. 1.8: Schematic diagram of spin, charge and orbital ordering in La0.5Ca0.5MnO3.  
 
The most significant feature of the charge ordered manganites is the magnetic field 
induced melting of charge ordered state, which transforms from charge ordered 
antiferromagnetic insulator to a ferromagnetic metal upon the application of external 
magnetic field. This phenomenon was first reported by Kuwahara et al. (1995) in 
Nd0.5Sr0.5MnO3 [26]. It was also observed in Pr1-xCaxMnO3, where the resistivity drops by 
more than four orders of magnitude under magnetic field at low temperature and a CMR 
state is achieved (see Fig. 1.9 and Fig. 1.10) [27,28,29]. It was found later that the CMR 
state in the charge ordered phase can also be achieved by electric field, pressure, light and 
impurity doping at the Mn-site [1, 30]. The melting of charge ordered state leads to a 
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huge hysteresis in dc resistivity and magnetization and sometimes leads to a phase 





Fig. 1.9: The temperature dependence of resistivity under μ0H = 0, 6, and 12 T for 
Pr1-xCaxMnO3 (x = 0.5, 0.4, 0.35, and 0.3) crystals. The resistivity was measured in a 
field cooling (FC) run [ 27]. 
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1.2.5 Phase separation  
 Phase separation (PS) refers to the co-existence of two or more phases present in 
the compound. The most relevant examples here are the cuprates at the hole densities in 
the under doped region and manganites in the CMR regime [31]. While the 
antiferromagnetic insulating and superconducting or metallic phases co-exist in cuprates, 
charge ordered antiferromagnetic insulating phase and ferromagnetic metallic phase co-
exist in manganites. The competing interactions between these two phases in the 
manganites lead to the inhomogeneous ground state and phase separation in the 
compound [32]. This phenomenon was first observed by Nagaev et al [33] in an 
antiferromagnetic semiconductor, where ferromagnetic phase was induced by doping of 
electrons in an antiferromagnetic matrix. The idea was to form micro or nano size 
clusters from macroscopic ones by reducing the coulomb repulsion among the electrons, 
which was possible in a two phase system of opposite sign. Hence, an interesting feature 
of the PS system is that it covers a wide range of length scales between 1 and 200 nm and 
can be static or dynamic [32]. In other words, the PS state can be described as a state, 
where the competition between a charge localized phase and charge delocalized state 
occur.  
 The intrinsically inhomogeneous PS states in manganites gives rise to very 
interesting electrical and magnetic properties including the colossal magnetoresistance 





 ions, which favors FM metallic phase below TC and 
paramagnetic insulating phase above TC. The JT distortion of Mn
3+
 ions localizes the eg 




 charge ordering.  This CO 
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phase competes with the FM metallic phase and promotes antiferromagnetic insulating 
behavior [34]. The PS states occur in many manganites at a critical doping concentration 
and is observed in either ferromagnetic or charge ordered ground states. However, the 
ferromagnetic and charge ordered cluster sizes at this state may vary depending on the 
average ionic radii at A-site, carrier concentration, temperature, electric and magnetic 
fields [1,32].
 
Such a microscopic or macroscopic inhomogeneous distribution of electrons 
and their interactions produce a rich phase diagram in electrical and magnetic properties 
in manganites. 
 A clear evidence of electronic phase separated state in manganite has been 
observed experimentally by a variety of techniques such as neutron diffraction, electron 
microscopy, transmission electron microscopy etc [32].
 
Wollan and Koehler found the 
coexistence of FM and A-type AFM phases in La1-xCaxMnO3 using neutron diffraction 
technique [21]
 
The coexistence of insulating and ferromagnetic metallic phases in La5/8-
yPryCa3/8MnO3 was also observed using electron microscopy by Uehara et al [35]. A 
metallic region under magnetic field and a large residual resistivity was also observed at 
low temperature in the phase separated state suggesting the percolative conduction 
through metallic clusters embedded in the insulating matrix. However, the phase 
separation occurred in a large length scale (~ 500 nm) in this compound compared to the 
nanoscale phase separation of FM and CO clusters between the TC and TN of 
La0.5Ca0.5MnO3. Fath et al [36] also demonstrated using scanning tunneling microscopy 
(STM) that the size of these clusters in the percolation region strongly depends on the 
strength of magnetic field. Many other researchers also studied this PS state by scanning 
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tunneling magnetic force microscopy and found very interesting electrical and physical 
properties in the phase separation region of manganites [32,37] 
1.3 Magnetoimpedance 
1.3.1 Introduction 
Giant magnetoimpedance (GMI) consists of a large change in ac impedance 
(Z=R+iX, where R is the ac resistance and X is the reactance) of a soft ferromagnetic 
conductor carrying ac current, upon application of a dc magnetic field. Mathematically, 
the MI is defined as follows: MI (-∆Z/Z(0)) = [Z(Hdc) - Z(0)]/ Z(0)                              (1.8)                                                        
where Hdc is the dc magnetic field strength. 
GMI effect was observed mainly in amorphous materials in the form of wires and 
ribbons. This phenomenon triggered a lot of attention in the early 90’s when a large 
magnetoimpedance (-∆Z/Z(0) ~ 60% at f ~ 5 MHz for Hdc = 10 Oe ) was observed in an 
amorphous ferromagnetic FeCoSiB wire with a small magnetic field and at low 
frequencies [38]. Later on, the GMI effect was also found in thin films [39] and 
amorphous ribbons [40]. In addition to the large value of MI, these materials also posses 
large sensitivity around 500%/Oe, which opened a new era of highly sensitive magnetic 
sensors [41]. The magnetic sensor based on GMI effect also offered several other 
advantages over conventional magnetic sensors such as Hall effect sensor, fluxgate 
sensor, giant magnetoresistance sensor and superconducting quantum interference 
devices (SQUID) gradiometers and they are compared in Table 1.1[41]. The low cost and 
high flexibility of the GMI sensors warrants wide range of possible applications, which 
include target detection and process control, aerospace, automobiles, military and 
security, traffic control, biological detection, geomagnetic measurement and magnetic 
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storage device [41,42]. In spite of numerous possible applications, the GMI devices are 
still in the development stage and the mechanism has to be fully understood to enter into 
the relevant area of extremely sensitive magnetic field sensors.  
Besides application point of view, the magnetoimpedance was also used as a 
research tool to understand the magnetization process and optimize the parameters to get 
still higher value of MI. However, the important concern in these ferromagnetic materials 
is that the maximum GMI value obtained experimentally to date is much smaller than the 
theoretically predicted value. Therefore, recent research in this field is focused mainly on 
special thermal treatments in amorphous materials and development of new materials to 
improve the properties required for practical GMI sensor applications.  
 






Hall 10-100 μm 1-10
6
 1 MHz 10 mW 
GMR 10-100 μm 0.1-10
2
 1 MHz 10 mW 




 5 MHz 1 W 




 1-5 kHz 10 mW 
 
Table 1.1: Comparison of different magnetic sensors 
1.3.2 Phenomenology of GMI 
Typically, impedance is measured in conventional four probe configuration in 
which an ac current flows through the end contacts of sample and a voltage is measured 
from the intermediate contacts to determine impedance (Z= Vac/Iac). A schematic 
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illustration of impedance is shown in Fig. 1.10. When an ac current, I (= I0e
iωt
, where ω is 
the frequency of ac current), flows through a ferromagnetic conductor, it generates a 
transverse magnetic field which in turn induces an ac magnetization. The ac 
magnetization or ac permeability value changes upon the application of dc magnetic field 
in the direction of ac current and hence a change in voltage occurs. This can be expressed 
mathematically as follows:  
∆Z(ω)= ∆Vac/Iac                                                                                              (1.9) 
 
Fig. 1.10: A schematic representation of the definition of impedance.  
It is to be noted that this formula is valid for a uniform magnetic conductor [43]. 
Nevertheless, the impedance of a ferromagnetic conductor measured between two points 
of length l and cross sectional area A, can be expressed as follows [44],
 
   
                                
( ) ( )ac z z
dc
ac z zA A
V lE S j S
Z R
I A j j
                                                      (1.10) 
where jz and Ez (= ρjz) are the amplitude of longitudinal components of AC current 
density and electric field, respectively, Rdc (= ρl/A) is the dc resistance, S is the value at 
the surface and 
A
 represents the average value over the cross sectional area A. 
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   
                                                               
 (1.11) 
Where L is the length of the conductor, Hz and H  are the axial and circumferential 
components of the ac magnetic field, respectively. From classical electrodynamics, the 
current density (jz) in equation (1.10) and magnetic field (H) in equation (1.11) can be 
obtained by solving the reduced Maxwell equation , which is expressed as follows: 
   2 0 grad div H H M M
 
 
                                              (1.12) 
where 
0H H h  and 0M M m  H. Separating the dc and ac components and 
assuming linear approximation, h, m ∝ eiωt , the ac components of the above equation can 







h h m m
 
   
   
                                           (1.13) 
Where 0 02   is the non-magnetic skin depth. Using simplest possible relation of 
a ferromagnetic conductor, 0( )b h m h     (where μ is permeability and is a 









    (for a cylindrical wire of radius a)                                   (1.14) 





   (for a ribbon or thin film of thickness 2a)                       (1.15) 
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where J0 and J1 are the Bessel functions of first kind and k = (1+i)/. 
0 02 t        is the skin depth and μt is the transverse permeability. Hence, 
the GMI can be understood from the variation of skin depth and permeability as a 
function of frequency. A schematic diagram is plotted in Fig. 1.11 to show the typical 










Fig. 1.11 A schematic diagram showing typical variation of skin depth () and 
transverse permeability (μt) as a function of dc applied magnetic field.  
 
Typically MI increases with frequency, attains a maximum value at the strong skin effect 
region ( ≪ t) and then decreases since permeability decreases with increasing frequency 
at higher frequencies. The GMI values are very sensitive to frequency and the 
mechanisms that contribute to GMI are also different in different frequency regions, 
which are discussed below. 
 In the very low-frequency region (f ≤ 10 kHz), the skin depth is much larger than 
the radius of the wire or half thickness of the sample. The change in the 
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(L) of the sample, [46] which is proportional to the circumferential permeability 
for a cylindrical magnetic conductor (i.e. a magnetic wire) or the transverse 
permeability for a planner magnetic film (i.e. a magnetic ribbon) [47]. Hence the 
total impedance in this region can be written as Z = R + iωL. 
 In low frequency region (f = 10-100 kHz to 1-10 MHz), the skin depth is slightly 
smaller or larger or comparable to the radius of the wire or half thickness of the 
sample. In this regime, the giant magnetoimpedance (GMI) originates from the 
variation of magnetic skin depth due to the effective magnetic permeability 
caused by the external magnetic field. Both domain wall motion and domain 
magnetization rotation contributes to the magnetic permeability and hence a peak 
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   








   
 
 (for a magnetic ribbon)                                                      (1.17) 
 In the intermediate frequency regime (f = 1-10 MHz to 10 -100 MHz), the skin 
depth is much smaller than the thickness of the sample. Although the GMI also 
originates from skin effect in this region, only domain magnetization rotation 
contributes to the effective permeability since the domain wall motion is 
completely damped by eddy currents. Hence the GMI decreases with increasing 





   (for a magnetic 
wire)                                                                                                                 








   (for a magnetic ribbon)                                                            (1.18)          
In the high frequency region (f > 100 MHz), the GMI is believed to originates from 
magnetization rotation by gyromagnetic effect and ferromagnetic resonance. The GMI 
profile shows a maximum in this region and it shifts towards higher magnetic fields (i.e. 
where the magnetization of the samples saturates) [48,49]. The total impedance in this 




                                                                                                      (1.19) 
where Zs is the surface impedance, σ is the conductivity, c is the velocity of light, l is the 
length of the ribbon and w is the width of the ribbon.  
It is worth to mention here that the different frequency ranges discussed above are just 
approximations and it can vary depending on the nature of the sample, geometry of the 
sample, dc resistivity and the magnetic permeability. The mechanisms of GMI are 
different at different frequency ranges, which is mainly due to the different magnetization 
processes that contribute to the magnetic permeability of the sample
  1 1 /M H     , where  is the susceptibility of the sample). However, the 
magnetization process due to domain rotation can be hampered by the presence of 
anisotropy in the samples and hence the contribution of magnetic permeability to the 
GMI will also be affected. In the strong skin effect region, where the contribution to the 
magnetic permeability arises from the domain magnetization rotation, the impedance can 
be written as  
( , ) ( , )Z H H             
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Fig. 1.12: In-Plane view and co-ordinate system for the rotational magnetization of a 
single uniaxial domain [52] 
 
To understand the magnetization rotation and the effect of anisotropy on magnetization, 
we have shown an in-plane view and co-ordinate system for rotational magnetization of a 
uniaxial single domain in Fig. 1.12. The ac current (I) is applied along the longitudinal 
axis direction and hence a magnetic field (Ht) is produced along the perpendicular axis. 
The dc magnetic field (Hdc) is also applied along the longitudinal axis. Let’s assume that 
the easy axis makes an angle θk with the transverse magnetic field and the magnetization 
Ms makes an angle θ with the easy axis. Hence, the free energy for magnetization is 
written as [50],  
   2sin sin coss dc k s t kE K M H M H                                                         (1.21) 
where K is the uniaxial anisotropy constant. In the equilibrium condition,  
     0 sin 2 cos sins dc k s t kE K M H M H                                            (1.22)   
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,  is the magnetization in the transverse direction. By assuming Ht is 
very small and taking the partial derivative of variables, the transverse susceptibility is 
obtained using the equations (1.21), (1.22) and (1.23) as [52] 
 
 















   
                                                                            (1.24) 
where Hk = 2K/Ms, is the anisotropy field and h = Hdc/HK,  is a constant. The above 
equation can be written in a simplified form as follows: 
 
 














                                                                               (1.25) 
 
 Fig. 1.13: External field dependence of normalized transverse susceptibility at fixed 
anisotropy angles [52]. 
 
The plot of t k sH M vs. h is shown in Fig. 1.13 at selected θk, by assuming that the 
magnetization direction is along the easy axis (i.e. θ = 0). The susceptibility exhibits two 
peaks on either side of the origin (h = 0) for small θk, but they decrease in magnitude and 
shift towards lower h with increasing θk and finally a single peak appears for θk ≥ 60
0
. 
Hence, the transverse permeability will also show similar peaks at Hdc = ±Hk, where the 
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anisotropy field on magnetization is compensated by the external dc magnetic field. It is 
to be noted that, although this model cannot describe the frequency dependence of GMI 
effects, it can well described the basic features of GMI in all materials. The double peak 
feature in GMI was observed in GHZ range for amorphous wires and ribbons and was 
suggested to the magnetization rotation by gyromagnetic effect and ferromagnetic 
resonance. The ferromagnetic resonance frequency for a magnetic sample with 
cylindrical shape and its long axis along the z-axis is given by Kittel’s relation in the 













    
   
                                                                                     (1.26) 
where γ is the gyromagnetic ratio, Ms is the saturation magnetization, K is the anisotropy 
constant and 2 / sK M is the anisotropy field (Hk). This equation indicates that the 
anisotropy field or the peak position will be shifted towards higher magnetic field with 
increasing frequency. This was verified experimentally in a magnetic ribbon, where the 
impedance peaks shift towards higher field with increasing frequency and is shown in 
Fig. 1.14 [54].  




Fig. 1.14: Frequency dependence of GMI of FeCoCrSiB as-quenched amorphous 
ribbons measured without surface modification for prototype without bath for 
fluids [54]. 
 
The magnetoimpedance was studied in detail in amorphous wires and ribbons and 
it soon became clear that the interpretation of GMI data requires deep understanding of 
magnetization dynamics of soft ferromagnetic materials. However, the 
magnetoimpedance studies in manganites are scarce. It is worth to mention here that the 
GMI in manganites can show a behavior different from amorphous materials due to their 
small permeability (μ ~ 50-200) and large dc resistivity (ρ~ 0.01-1 Ω cm) [55] compared 
to amorphous materials (μ ~ 103-104, ρ~ μΩ cm) [56]. Manganites are extensively studied 
for their colossal magnetoresistance property, but ac electrical transport has received very 
less attention [57,58]. The MI in the metallic ferromagnetic manganites is interesting 
from the view points of basic physics and applications because of the occurrence of a 
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huge low-field ac magnetoresistance (= 40% in H = 1 kOe and at f = 2 MHz) compared to 
a much smaller dc magnetoresistance (<1% in H = 1 kOe) around room temperature [59].  
 1.4. Dielectric Properties 
 
  
Fig.1.15: A schematic representation of different polarization mechanisms 
Dielectrics are generally electrically non-conducting materials and they can be 
polarized by an applied electric field. When a dielectric material is placed in an electric 
field, no current flows through the material, instead positive and negative charges shift 
from their equilibrium positions causing electrical polarization. The electrical 
polarization of a material can arise from different contributions such as from electrons, 
atoms or ions, molecules and interface. Hence, the net polarization of a material is P = 
Chapter 1                                                                                                            Introduction 
30 
 
Pelectronic + Pionic + Pmolecule + Pinterface. These polarization mechanisms are shown in a 
schematic representation in Fig. 1.16 and also discussed briefly below. 
Electronic polarization: This mechanism is based on shifting of electron cloud with 
respect to its nucleus, in the direction of electric field.   
Atomic polarization: It is observed when electron cloud is deformed under the 
application of electric field so that positive and negative charges are formed. 
Dipole polarization: This is also called orientation polarization which originates from 
permanent or induced dipoles aligning to the direction of an electric field. 
Interface polarization: This polarization arises from trapped charge carriers at the 
interface of a heterogeneous system. This is also called Maxwell-Wagner polarization, 










































































Fig.1.16: A schematic diagram shows the contribution of different polarization 
mechanisms at different frequency ranges.   




It is to be noted that these polarization mechanisms strongly depend on frequency, which 
is shown in Fig. 1.16. This diagram indicates that although interfacial polarization 
dominates in the low frequency region, other polarization mechanisms also contribute.   
The net polarization of a material can be expressed mathematically as P = εE, where ε is 
the dielectric permittivity and E is the magnitude of applied electric field, i.e. Polarization 
is directly proportional to the dielectric permittivity of materials. However, ε is a complex 
quantity. The real and imaginary parts of permittivity can be expressed as ε = ε' -iε"= 
ε'(1-itan). The real part of dielectric permittivity (ε') is called dielectric constant and is 
determined by the magnitude of the polarization i.e. it determines the electrostatic energy 
stored per unit volume in a material for a given applied field. The imaginary part of 
dielectric permittivity (ε") is called the dielectric loss factor and is governed by the 
energy dissipation or energy loss in the material. This energy loss appears as an 
attenuation of the applied electric field called tan.  
 In general, the dielectric constant of a material remains constant with lowering 
frequency in the radio frequency range and shows a rapid decrease in magnitude at a 
frequency when the molecules in the material can no longer follow the frequency of ac 
field. Hence the dipolar contribution to the net polarization decreases rapidly and the 
dipoles relax themselves. This leads to rapid decrease of dielectric constant below certain 
frequency and a peak/maximum occur in dielectric loss. The frequency, at which the 
dielectric loss shows a maximum, is called relaxation frequency.   
 In addition to frequency, temperature can also affect the dielectric behavior of a 
material. This is due to the fact that the transport of charge carriers in materials strongly 
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depends on temperature. Note that while the ε' represents a capacitor, the tan represents 
electrical conductivity in the electronic circuit. In an ideal dielectric material, the 
dielectric constant shows nearly constant value with lowering temperature, shows a rapid 
decrease in magnitude and then shows a temperature and frequency independent region at 
low temperature. The rapid decrease in magnitude of dielectric constant is accompanied 
by a maximum in dielectric loss, which shifts towards high temperature with increasing 
frequency. This process is called dielectric relaxation process and the frequency at which 
the maximum occurs is called relaxation frequency (time).    
 
Fig.1.17: Different models explain dielectric relaxation mechanism  
The Debye equation generally describes single relaxation process of all materials. 
The complex permittivity of dielectric materials obeying Debye relaxation can be 
expressed as follows:  
   * ' '' [ / 1 ]si i                                                         (1.27)      
where ε∞ represents the dielectric permittivity at the highest frequency, εs represents the 
dielectric permittivity at the lowest frequency, ω (= 2πf, f is the frequency of ac current) 
Chapter 1                                                                                                            Introduction 
33 
 
is the relaxation frequency and τ is the relaxation time. However, many dielectric 
materials show multiple relaxation processes. These relaxation processes mostly arises 
from three mechanisms: (1) Debye like relaxation and parallel leakage current, (2) 
different mechanism occur at grain and grain boundary, (3) different response from 
sample and sample interface. Since, the dielectric behavior due to multiple relaxation 
process does not satisfy the ideal Debye equation, Cole-Cole and Cole-Davison have 
modified the Debye equation by introducing two deviation parameters, which is 
expressed as follows:  
    1* ' '' [ / 1 ]si i

      

                                                      (1.28) 
where α accounts for the spread of relaxation time and β accounts for the deviation from 
ideality at the highest frequency region. The differences between above two equations 
((1.27) and (1.28)) are depicted in Fig.1.17. In electronic circuit form, the above equation 
can be represented by a series combination of a resistor R (represents dissipative effects) 
and a capacitor with capacitance (ε0-ε∞)C (represents stored charge) in parallel with the 
capacitor with capacitance ε∞C. However, the diagram shown in Fig. 1.18 is 
oversimplified. The multiple relaxation process can actually produce more than one 
semicircle in the Nquist plot depending on the contribution from both mechanisms. In 
circuit form, both intrinsic and extrinsic effects can be represented by two parallel RC 
circuits connected in series as shown in Fig. 1.18. While R1C1 represents bulk response, 
R2C2 represents the extrinsic response such as grain boundary effect or contact effect or 
leakage current. All the possible cases in the radio frequency range are drawn in Fig 1.19. 
These diagrams illustrate that a semicircle can be obtained either from intrinsic or 
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extrinsic response or both. Hence, it is very difficult to separate the intrinsic response 
from the extrinsic response using this method.  
 
Fig.1.18: Different equivalent circuit models explain the dielectric relaxation models 
The dielectric data can also be analyzed using another method called Universal 
Dielectric Response (UDR) suggested by Johnscher. This UDR model suggests that the 
frequency dependence of dielectric behavior of materials can be described by the 
following three equations [60],  
 ζ'(f) = ζdc+ζ0f 
s
                                                                                                            (1.29)  
ζ"(f) = tan(sπ/2)ζ0f 
s
+ε∞ε0f                                                                                            (1.30)  
and ε' = tan(sπ/2)ζ0f 
s-1
/ε0,                                                                                            (1.31) 
where ζ' and ζ"  are the real and imaginary part of ac conductivity, ζ0, s are temperature 
dependent constants. The data can be fitted with the above equations and the fitted 
parameters can be used to determine the mechanism of dielectric relaxation occurring in 
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the sample. Furthermore, these equations can be used to find the conductivity behavior of 
the sample.  
Literature survey:  
The dielectric materials with large dielectric constant over a wide temperature range and 
low dielectric loss are of prime importance in recent days due to their technological 
applications in microelectronics and dynamic random access memory devices. Most of 
the commercially available capacitor materials now are ferroelectric materials, which 
show large dielectric constant and low dielectric loss at room temperature. However, the 
dielectric constant strongly depends on temperature in these materials which limits their 
use in electronic devices. Currently, the most promising non-ferroelectric material for 
practical application is CaCu3Ti4O12 (CCTO) [61]. The advantage of CCTO over 
ferroelectric material and other non-ferroelectric materials [62,63] is the nearly 
temperature independent dielectric constant over a wide temperature range around room 
temperature. However the dielectric constant of CCTO decreases rapidly below 200 K. 
The first work on CCTO by Subramanian et al suggested an internal barrier layer 
capacitor (IBLC) that gives rise to large dielectric constant in this compound [64]. In 
contrast, few intrinsic mechanisms were also proposed, which includes slowing down of 
highly polarizable relaxation modes, slowing down of dipolar fluctuation in nanosize 
domains[65], geometrically frustrated ferroelectricity caused by the off centre 
displacement of Ti ions[61], charge density waves[66] and hopping charge transport [67]. 
There are also many reports on experimental results suggesting a surface barrier layer 
capacitor which gives rise to large dielectric constant [68]. Despite huge effects and many 
speculations about the origin of CDC, the mechanism of CDC in CCTO is still an open 
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question! Hence the focus of dielectric studies is shifted to new materials, which can give 
large intrinsic dielectric constant over a wide temperature range around room 
temperature.  
 Recently, A. Nagano et al proposed that a large dielectric response or polarization 
can be induced in the charge ordered (CO) state of RFe2O4 [69]. This was supported by 
an experimental study in CO manganite Pr0.67Ca0.33MnO3, which showed a large 
capacitive response below CO transition temperature (TCO) and it disappeared above TCO 
[70,71,72,73].  It was suggested later that, the CO state is not necessary condition to 
observe a large dielectric constant. The large dielectric constant can be observed in the 
phase separated state or antiferromagnetic insulating state of manganites. In contrast, N. 
Biškup et al. suggested that the large dielectric constant in the CO state of Pr0.6Ca0.4MnO3 
arises from extrinsic effects [74]. It is worth to mention here that, irrespective of the 
mechanism responsible for large dielectric constant in manganites, no reports on 
manganites show the existence of large dielectric constant over a wide temperature range 
around room temperature as observed in CCTO so far. Although large dielectric constant 
was reported in CO manganites at room temperature, the temperature variation of 
dielectric constant in these compounds have not yet been reported [75,76]. 
 1.5. Magnetocaloric properties      
The magnetocaloric effect (MCE) is a magneto-thermodynamic phenomenon in which a 
change in temperature of a suitable material is caused by the application of magnetic 
field. This is also called as adiabatic demagnetization by low temperature physicists. It 
was first observed in iron by E. Warburg in 1881, and explained by E. Debye in 1926. 
The origin of MCE lies in the coupling of magnetic sublattice to the applied magnetic 
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field, which changes the magnetic contribution to the entropy of the system. The entropy 
of a magnetic material depends on the temperature and magnetic field. In a ferromagnetic 
system, the total entropy is the sum of the magnetic entropy (Sm), lattice entropy (Sl) and 
electron entropy (Se).  
S (T, H) = Sm (T, H) + Sl (T, H) + Se (T, H)                                                                  (1.32) 
Under isothermal condition, the magnetic domains will be aligned in the field direction 
under the application of external magnetic field and hence magnetic entropy decreases. If 
there is no exchange of heat with the environment, the total entropy will remain constant. 
Hence, the lattice and electron entropy must increase to compensate the decrease in 
magnetic entropy and in turn the temperature of the magnetic material increases. This is 
schematically shown in Fig. 1.19. 
 
Fig. 1.19: S-T diagram showing the magnetocaloric effect. Solid lines represent the 
total entropy in two different magnetic fields and dashed lines show the electronic 
and lattice contributions to the entropy.  
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Two parameters are used to quantify the magnetocaloric effect: one is adiabatic 
temperature range, ∆Tad, and other is the isothermal magnetic entropy change (∆Sm).  
According to Maxwell’s thermodynamical relations, the isothermal magnetic entropy 
change produced by the variation of a magnetic field from 0 to H is given by  
0
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(1.33) 
For magnetization measurements made at discrete field and temperature intervals, Sm(T, 
H) can be approximated as follows: 
 1
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(1.34) 
where Mi+1(Ti+1, H) and Mi(Ti, H) are the magnetization values at temperatures Ti+1 and 
Ti, respectively for a magnetic field interval of H. Hence, the change in temperature 
under adiabatic conditions can be approximate as follows:  




T S T H dH
C T H
   
                                    
(1.35) 
where  ( , )
H
C T H T S T   is the specific heat at constant magnetic 
field.  
The Sm is generally negative for paramagnets and ferromagnets as the magnetic 
entropy decreases under a magnetic field and hence the adiabatic temperature change is 
positive for a positive field change. The above equations suggest that the change in 
magnetic entropy and adiabatic temperature change will show maximum value around 
the ferromagnetic transition temperature (TC) because  HM T  will be maximum 
around the TC. Majority of the materials show second-order paramagnetic to 
ferromagnetic transition in which magnetic entropy change is moderate except 
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Gadolinium (Gd) which shows a large magnetic entropy change (Sm ~ -9.7 J/kgK for 
∆H = 5 T at TC = 293 K) around room temperature. Magnetic refrigeration using solid 
magnetocaloric materials as refrigerants is considered to be more energy efficient and 
environment friendly compared to conventional refrigeration based on liquid-vapor 
compression cycle [77]. Hence, these materials can find applications in cryogenic cooling 
in aerospace, military applications and in air conditioner technology.  
However, the magnitude of Sm and Tad can be greatly enhanced in the first-
order paramagnetic (PM) to ferromagnetic (FM) transition. The recent resurgence of 
interest in MCE materials is driven by the discovery of giant magnetocaloric effect 
accompanying first-order magneto structural transition in Gd5Si2Ge2 [78], 
MnFeP0.45As0.55 [79], NiMnGa [80], LaFe13-xSix alloys [81]. Extensive efforts are also in 
progress to enhance the MCE by adopting alternative methods or search for new 
materials. A brief summary of the MCE in manganites can be found in a recent review by 
Phan and Yu [82]. Besides intermetallic alloys, the CMR manganites also show 
appreciable MCE over a wide temperature and hence are considered to be potential 
candidates for magnetic refrigeration [83,84,85,86,87]. The manganites have additional 
advantages such as low cost, good chemical stability, easy preparation method and easily 
tunable Curie temperature between 100 K and 400 K, compared to the rare earth based 
metal alloys. Thus, the manganites can be used as a magnetic refrigerant material in 
ambient temperature and also at low temperature.  
 Very recently, an alternative strategy to achieve a large MCE through destruction 
of nanoscale charge-orbital ordered clusters above TC in Sm1-xSrxMnO3 (x = 0.4) was 
demonstrated [88]. In the narrow band ferromagnet Sm0.6Sr0.4MnO3, short-range charge-
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orbital ordered clusters are dispersed in the paramagnetic matrix in zero field and they 
transform into a ferromagnetic phase under a high magnetic field which results in a large 
magnetic entropy change (Sm = -6.5 J/kg K for H = 5 T).  Recently, H. Sakai et al. [89] 
studied the variation of MCE with reducing one-electron bandwidth by decreasing the 
cation size at RE site in RE0.6Sr0.4MnO3 (RE = La, Pr, Nd, Sm, Gd). They found that as 
the band width is reduced, Sm increases in magnitude and temperature profile of Sm 
changes systematically. While wide band manganite (RE = La) shows a broad peak at TC, 
a rectangular-shaped magnetic entropy profile emerges in narrow band width manganites 
(RE = Sm0.5Gd0.5). Furthermore, the (Sm0.5Gd0.5)0.6Sr0.4MnO3 compound also shows a 
large value of -Sm ≈ 9-10 J/kg K over a temperature range of T = 90-50 K. The nearly 
constant Sm over a wide temperature range is desirable for practical applications. 
1.6 Scope and Objective of the present work 
A detail literature survey on magnetoimpedance, dielectric and magnetocaloric properties 
showed that these properties are not investigated in detail in manganites. In particular, the 
mechanism of magnetoimpedance and dielectric properties in manganites are not clearly 
understood yet. In this work, I have reported the electrical (dc and ac), dielectric and 
magnetocaloric properties of selected A-site and B-site substituted manganites. The rest 
of the thesis is organized as follows: 
1.7 Organization of the thesis 
The rest of the thesis is organized as follows. Chapter 2 provides a general description of 
the experimental techniques employed in my thesis work, which includes sample 
preparation method, dc and ac electrical and magnetic characterization techniques. 
Chapter 3 describes the electrical, dielectric and magnetocaloric properties of La0.7-
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xBixSr0.3MnO3 (Bi substituted at the A-site). In chapter 4, we investigated the B-site (Mn-
site) doping effect on the electrical, dielectric and magnetocaloric properties in 
La0.7Sr0.3Mn1-xFexO3. Chapter 5 describes the ac electrical transport and magnetocaloric 
effect in La0.5Ca0.5Mn1-xNixO3. A summary of the thesis and future work are presented in 


























This chapter presents a brief overview of the synthesis and characterization techniques 
used in this thesis. Solid state reaction method had been used for synthesis of 
polycrystalline samples. Physical characterization technique such as X-Ray diffraction 
(XRD) was used in my thesis and the XRD data were analyzed using Rietveld 
refinement. DC electrical and magnetotransport measurements were carried out using a 
Physical Properties Measurement System (PPMS). DC magnetization measurements 
were carried out using PPMS equipped with a Vibrating Sample Magnetometer (VSM). 
Magnetoimpedance measurements were carried out using PPMS, impedance analyzer and 
a specially designed probe for high frequency measurements. Dielectric measurements 
were carried out using a Closed Cycle Refrigerator (CCR) and an impedance analyzer. 
We discuss the details of sample preparation method and measurement techniques in the 
following sections.   
2.2 Synthesis of Materials 
Polycrystalline manganites were prepared by standard solid state reaction method. This 
method involves mixing, grinding, compaction and firing of the component oxides until a 
single-phase material is achieved. The starting chemicals used for synthesis are mainly 
oxides and carbonates with minimum 99.9% purity. The samples were weighed in 
appropriate proportions, mixed thoroughly with an agate mortar and pestle. The well 
grounded powders were then kept in the furnace for sintering. Upon first sintering, the 
precursors decompose to fine powders. The high reactivity of the fine powders helps the 




reaction process to occur in the subsequent heating. Since the solid state reaction method 
involves ionic diffusion process, which is a slow process and require high thermal 
energy, we have sintered our samples at high temperatures for long duration. The samples 
were sintered again two times at slight higher sintering temperatures and then they were 
characterized by X-Ray Diffraction. Once the single phase of the compound was 
confirmed, the powders were pressed into a pellet and final sintering was carried out. 
Note that, a furnace (Carbolite, U.S.A.) with controlled heating and cooling arrangements 
was used to sinter the samples in air.      
2.3. Sample Characterization Techniques 
2.3.1 X-Ray Diffraction 
 
Fig. 2.1: Schematic diagram of the x-ray Diffraction by crystals 
X-Ray diffraction (XRD) is a valuable and versatile tool to identify crystalline 
phases and crystal structure of solids. Hence, the XRD pattern serves as a finger print for 
identification of materials. This technique is based on the principle of Bragg’s law of 
diffraction. The crystalline powders having regularly repeating units of ions/atoms are 
capable of diffracting the x-ray radiation due to the fact that the inter atomic distances are 
comparable to the wavelength of x-ray i.e. When x-rays with a wave length, λ, incident at 




a glancing angle, θ, on the planes of the crystalline material comprising lattice planes 
with a spacing d, these rays will be reflected from the planes, as shown in Fig. 2.1. 
Hence, the path difference (AB +BC) between the x-rays reflected from successive planes 
will be 2d sinθ. The reflected rays will interfere constructively, when the condition, nλ = 
2d sinθ, is satisfied.  For all other cases, destructive interference will appear. This is 
Bragg’s law.   
Philips X’pert MPD with Cu-Kα (λ = 1.542 Å) radiation was used for XRD of the 
samples. We have employed a constant slow scan rate of 0.2
0
/min for all samples. The 
intensities and peak positions of the diffracted beams were detected by a movable 
detector and the resultant XRD patterns were obtained in the form of diffraction intensity 
and 2θ (degrees). The least square fitting methods were used to fit the powder diffraction 
pattern using available software such as Rietveld refinement technique (TOPAS) and 
Powder cell 2.3 (W. Kraus, and G. Nolze, downloaded from the web link 
www.ccp14.ac.uk). The crystal structure, space group and unit cell parameters were 
obtained from the refinement.  
2.3.2. Dc magnetization measurements 
DC magnetization measurements as a function of temperature and magnetic field were 
performed using a superconducting magnet (PPMS) and VSM. The working principle of 
VSM is based on Faraday’s law of induction, which states that an e.m.f. is induced in a 
conductor by a time-varying magnetic flux. In VSM, a sample is magnetized by a 
homogeneous magnetic field is vibrated sinusoidally at a small fixed amplitude with 
respect to stationary pick up coils. The resulting field change at a fixed point inside the 
detection coil induces a voltage, which is a measure of the magnetic moment of the 




sample. The sample is suspended on a non-magnetic rod, which vibrates over amplitude 
of 2 mm at a frequency of f = 40 Hz. The sensitivity of our VSM is 10
-6
 emu. A 
maximum magnetic field of 7 T is used for the measurements. The measurements are 
performed as a function of temperature in the temperature range 400 – 10 K using PPMS. 
Our experimental set up for dc magnetization measurements is shown in Fig. 2.2. 
Multiview software was used for automation and control of the parameters in 
magnetization measurements and to extract the data. 
 
Fig.2.2: Vibrating Sample Magnetometer (VSM) module attached to Physical 
Property Measurement System (PPMS) 
 
The magnetocaloric effect was computed from the isothermal magnetization 
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To estimate magnetic entropy change (∆Sm), the above integration was numerically 




approximated as follows; 1
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 ,                  (2.2) 
where Mi+1(Ti+1, H) and Mi(Ti, H) are the magnetization values at temperatures Ti+1 and Ti 
, respectively for a magnetic field interval of ∆H. Hence, the above equation was used to 
calculate the magnetic entropy change as a function of temperature for selected ∆H.  
2.3.3. Calorimetric measurements 
The calorimetric measurements were carried out using our home made differential 
scanning calorimeter (DSC) setup, which makes use of two peltier cells connected in 
differential mode to measure the heat transfer during the transition. Here, the voltage 
developed across the peltier cell during the field sweep at constant temperature has been 
measured . Our experimental set up is similar to the design used by J. Marcos et al [90]. 
By using the sensitivity of the peltier cell and the field sweep rate (dQ/dt), the field 
dependence of the dQ/dH are evaluated at different temperatures. It is worth to mention 
here that the sensitivity of our set up is low below 75 K. 
 
Fig. 2.3: DSC measurement set up (Home made)  




2.3.4 Dc magnetotransport measurements 
The four probe technique was used to measure dc electrical and magnetotransport 
properties of samples. A current was applied to the sample across two ends and the 
voltage was measured across the middle contacts of the sample, as shown in Fig. 2.4. The 
Ohm’s law (R = V/I) was used to find the dc resistance of the sample. The dc resistivity 
was calculated using the expression,  = RA/l, where A is the area of the sample and l is 
the distance between the voltage probes. Four probe dc resistivity of the sample was 
measured as a function of temperature and magnetic field using PPMS (Quantum Design, 
USA). The Multiview software was used for automation and control of the parameters 
and to extract the data.  
 
Fig. 2.4: Schematic diagram of four probe configuration  
2.3.5 Magnetoimpedance Measurements 
Magnetoimpedance is the change in the real and imaginary parts of impedance (Z = 
R+iX) under dc magnetic field, when alternating current is passing directly through the 
sample. The four probe configuration (see Fig. 2.4) was used to measure impedance of 
the sample using an Agilent 4285A LCR meter and a standard Agilent 16048D test 
fixture in the frequency range f = 0.1-20 MHz. A constant alternating current of 




amplitude I(rms) = 5 mA was used for impedance measurement of all the samples in this 
thesis. The sample was loaded in a specially designed wired probe and the impedance 
was measured as a function of temperature and magnetic field using PPMS. The magnetic 
field was applied parallel to the length of the sample. 
 




Fig.2.6: Specially designed high frequency probe (Home made). 





An auto balancing bridge method is used in 4285A LCR meter to perform precise 
impedance measurements and is shown in Fig. 2.7. In this method, one terminal of the 
data under test (DUT) is at virtual ground i.e. the operational amplifier acts as a null 
detector and maintains the potential at low point Lp is zero. As the current goes through 
the DUT can’t goes through the operational amplifier, it flows through the known resistor 
R. The current through the DUT can now calculated as voltage drop over R. Hence, the 
impedance of the DUT is calculated from the Ohm’s law, Z = V/I=(Vx/Vr)Rr. Open, short 
and load correction were also performed before start of each measurement to avoid the 













2.3.6 Dielectric Measurements  
 
Fig. 2.8: Schematic diagram of two probe configuration  
Dielectric strength of a material is generally evaluated from two important 
parameters such as dielectric constant and dielectric loss tangent. Although dielectric loss 
tangent measured directly using the impedance analyzer, the dielectric constant can be 
obtained from the measurable quantities like capacitance or impedance. Here, I have 
measured capacitance (C) and dielectric loss tangent (tan ) of the samples using an 
Agilent 4285A rf LCR meter in the frequency range, f = 0.1 – 5 MHz, with a constant  
voltage excitation of 50 mV. The dielectric constant (ε') and dielectric loss (ε") were 
calculated using the relations 0' /Cd A  and '' ' tan   . The real part of ac 
conductivity (ζ') was also calculated using the relation, 
0 0' '' 2 ''f                                                                                    (2.3) 
where f is the frequency of the ac voltage. The dielectric measurements were carried out 
as a function of temperature using a closed cycle cryostat (Janis model CCS-100/202). 
The standard two probe configuration was used for the dielectric measurement (see Fig. 
2.8). The experimental set up used for dielectric measurement is shown in Fig. 2.9.  






Fig. 2.9: Dielectric measurement set up 
 
It is to be noted here that the impedance and dielectric measurement parameters were 
controlled and readings were recorded by self written Labview programmes, using 
National instruments Lab View 8.2 software.  
 






Electrical, dielectric and magnetocaloric properties of 
La0.7-xBixSr0.3MnO3 
3.1 Introduction 
Perovskite manganites of general formula RE1-xAExMnO3 (RE = trivalent rare 
earth ions, AE = divalent alkaline earth ions) had attracted a lot of attention in last few 
years due to colossal magnetoresistance exhibited by them [1,91] and strong correlation 
among spin, charge, orbital, and lattice degrees of freedom [1]. The low temperature 
ground state of these manganites is determined by the competition between delocalization 
tendency of eg electrons and localization tendency caused by coulomb interactions 
between eg electrons and dynamic or static Jahn-Teller interactions. While delocalization 
of eg electrons promotes ferromagnetism mediated by the Zener’s double exchange 
interactions, localization of eg electrons generally promotes antiferromagnetic interaction 
and charge ordering. Recent experimental [35]
 
and theoretical studies [92,93,94]
 
argue 
that the stability of the ferromagnetic (FM) as well as charge/orbital order (CO/OO) is 
affected by the presence of quenched disorder, such as cation size mismatch at the A-site 
(A=RE1-xAEx) and doped impurities at B-sites (B=Mn). Since B-site substitution directly 
affects the Mn-O–Mn network and modulates the eg-electron density, it has a strong 
impact on electron transport and magnetism [95]. On the other hand, the A-site 
substitution controls structure by rotation and tilting of the MnO6 octahedra which affects 
Mn-O-Mn bond angle and/or Mn-O bond length [7]. As the Mn-O-Mn bond angle 
decreases from 180
0
 by decreasing the average A-site cation radius, the eg electron 





bandwidth decreases which promotes strong electron correlations and charge ordering. 
There exists a direct relation between the eg electron bandwidth and Mn-O-Mn bond 








                                                                                           (3.1) 
where W is the electron bandwidth, ω is the tilt angle in the plane of Mn–O–Mn bond 
w Mn O Mn       and dMn-O is the bond length. This expression indicates that the 
electron bandwidth decreases with decreasing bond angle from 180
0
 or increasing bond 
length. With decreasing A-site cation radius, the low temperature ground state changes 
from a ferromagnetic metallic to an antiferromagnetic insulating state with charge-
ordering e.g. in (La1-xAx)0.67Ca0.33MnO3 with A = Pr [96,97,35], Y [97,98,92]. In addition 
to the average ionic radius of the A-site cation, the A-site disorder, characterized by the 
variance of the A-site cation radius distribution using equation (1.3) (
 22 2i i Ai x r r   , where xi and ri are the atomic fraction and ionic radius of ith ion 
at A-site, respectively), also influences electrical and magnetic properties [4,99]. For 
example in (La1-xYx)0.67Ca0.33MnO3, the ferromagnetic metallic state transformed into an 
insulating spin glass state and finally converted to an insulating antiferromagnetic state 
with increasing disorder at the A-site [97].  
Theoretical study by Dagotto and co-workers [92,100] suggest that the A-site 
disorder in the manganites destabilize the FM phase, reduces the eg electron mobility and 
enhances the electron-phonon coupling. They also suggest that the disorder can induce 
nanoscale phase separation between the FM and COO phases. These predictions were 





observed experimentally in RE0.55AE0.45MnO3 system by Tomiyoka et al [4]. They found 
that, the long range ferromagnetic or charge-ordered state is destabilized with increasing 
disorder at the A-site and a CMR state is achieved at the bicritical state, where both FM 
and AFM CO phases co-exist.  
Majority of the existing work on A-site average ionic radii or A-site disorder were 




r   = 1.24 Å)   has ionic radii close to La
3+
 ( 3Lar   = 1.22 Å) [101]. Most of the Bi 
based compounds show peculiar properties due to the 6s
2
 lone pair. For example, 
BiMnO3 is ferromagnetic (due to Mn spin) and ferroelectric [102], whereas BiFeO3 is 
antiferromagnetic and ferroelectric at room temperature [103]. Ferroelectric property in 
these compounds is due to the stereochemical activity of 6s
2
 lone pair electron of Bi, 
which is also responsible for exceptional high value of charge ordering transition 
temperature in Bi1-xSrxMnO3 series (TCO = 550 K for x = 0.7) [104,105,106,107]. In this 
context, it will be interesting to investigate how the physical properties vary as a function 
of Bi content in La0.7-xBixSr0.3MnO3.  
Figs. 3.1 (a)-(b) show the variation of TC on <rA> and ζA
2
, respectively for 
different A-site dopants. The TC decreases with decreasing <rA>and increasing ζA
2
 for all 
rare earth dopants. While the rate of decrease of TC is found to be slower for Pr, Nd, Y 
and Sm ions, it is faster for Gd and Dy ions. However, substitution of a trivalent non-rare 
earth ion like Bi
3+
 at the La site shows decrease of TC with increasing <rA>and decreasing 
ζA
2
, which contradicts the theoretical predictions and earlier experimental reports for rare 
earth dopants. Furthermore, the TC also decreases at a faster rate for Bi ions than Gd and 





Dy ions. Hence, it will be interesting to study the effect of Bi doping at the A-site in 
La0.7Sr0.3MnO3 from the view point of A-site disorder. There are few reports available on 
the dc electrical and magnetic properties in La0.67-xBixSr0.33MnO3, which are confined 
only to dc electrical and magnetic studies [108,109,110]. Recently, J. R. Sun et al studied 
the Bi doping effect in La0.67-xBixCa0.33MnO3 from the view point of dc electrical, 
magnetic and magnetotransport properties [111]. Since electron-phonon coupling is 
weaker in La0.67Sr0.33MnO3 compared to La0.67Ca0.33MnO3 due to wider eg-electron band 

















































Fig.3.1: The ferromagnetic Curie temperature (TC) is plotted as a function of (a) 
ionic radii and (b) disorder at the A-site. 
 
In this chapter, we investigated the effect of A-site ionic radius and disorder on 
the electrical, dielectric and magnetocaloric properties in La0.7-xBixSr0.3MnO3 (x = 0-0.7). 




 are nearly same, [101] slight variation in 
eg electron band width is not expected to affect the electrical and magnetotransport 





properties of La0.7-xBixSr0.3MnO3 significantly. However, in reality, the low temperature 
ground states of La0.7Sr0.3MnO3 (x = 0) and Bi0.7Sr0.3MnO3 (x = 0.7) are very much 
different. While the former is a ferromagnetic metal, the later is an antiferromagnetic 
insulator with charge-orbital order occurring at very high temperature. The unusually 
high charge-orbital ordering temperature (TCO = 550 K) of Bi0.7Sr0.3MnO3 is caused by 




 and 2p- orbital of O
2-
, which leads to a covalent 
character of Bi-O bonds as well as change in Bi-O bond lengths [106,112,113]. 
 
Hence, 
we have studied the A-site disorder effect in La0.7-xBixSr0.3MnO3 in detail and compare 
our results with the theoretical predictions. A phase diagram is established as a 
composition, ionic radii at A-site and disorder at A-site. We found that the long range FM 
state is destabilized and COO state is induced by decreasing A-site disorder in the 
compound and a CMR state is achieved at the bicritical state (x = 0.3). The coexistence of 
both FM and COO phases at the bicritical state induce very interesting physical 
properties, which are highlighted as follows; (a) nearly 100% magnetoresistance below 
100 K, (b) magnetic-field induced metamagnetic transition in the paramagnetic state, (c) 
significant magnetic entropy change over a wide temperature range (~ 50 K) between the 
TCO and TC, (d) unusual dielectric behavior at low temperature. Possible mechanisms 
have been suggested for the observed effects. 
3.2 Experimental Details 
Polycrystalline La0.7-xBixSr0.3MnO3 (0 ≤ x ≤ 0.7) samples were prepared by the 
standard solid state route. After preheating La2O3 at 900 ºC for 8 hours,  powders of 
La2O3, Bi2O3, SrCO3, and Mn2O3 were weighed in appropriate molar ratio, thoroughly 
mixed and calcinated at 1000 ºC for 12 hours. After regrinding and heating the powder at 





1000 ºC and 1100 ºC, pellets were made and sintered at 1100 ºC for 24 hours. The 
obtained samples were characterized by x-ray diffraction (XRD) with Cu Kα radiation 
using Phillips X-ray diffractometer. Dc resistivity and magnetization as a function of 
temperature (T = 400-10 K) and magnetic field were measured using PPMS and VSM. 
Calorimetric measurements as a function of magnetic field at selected temperatures were 
carried out using PPMS, LackShore temperature controller (LSC 331), and Keithley 
2182A nanovoltmeter. Four probe ac resistance (R) and reactance (X) measurements as a 
function of temperature and magnetic field were carried out on rectangular shaped 
samples using PPMS, an Agilent 4285A LCR meter and a specially wired probe for 
impedance measurement with a constant ac current of I(rms) = 5 mA in the frequency 
range f = 0.1-20 MHz. Dielectric measurements were carried out as a function 
temperature using an Agilent 4285A LCR meter and a closed cycle cryostat (Janis model 
CCS-100/202) in the frequency range 0.1-5 MHz.  
3.3 Results and Discussions  
3.3.1 Structural Characterization 
The XRD patterns of La0.7-xBixSr0.3MnO3 (0.05 ≤ x ≤ 0.7) at room temperature are shown 
in Fig. 3.2 and all compositions are found to be single phase. Structure refinement by 
Rietveld method suggests that the compositions x ≤ 0.2 belong to rhombohedral structure 
and it changes to orthorhombic for x ≥ 0.3.  
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Fig.3.3: Rietveld refinement fit is shown for (a) x = 0.2 and (b) x = 0.7. 





Figs. 3.3(a)-(b) show the rietveld refinement for x = 0.2 and 0.7, respectively. The 
prominent peaks of x = 0.2 and 0.7 in the XRD pattern are indexed by its crystallographic 
planes and represented by the miller indices (hkl), which are in agreement with the earlier 
published results of x = 0 [114] and 0.7 [115], respectively. The incorporation of Bi 
causes a smooth increase in the unit cell volume with increasing x. This can be explained 









> = 1.24 Å). R. D. Shannon et al [101] showed the effective ionic radii of Bi
3+
 can 
change from 1.24 Å to 1.16 Å, depending on whether the 6s
2 
lone pair electron is 
dominant or constrained. The 6s
2 
lone pair electron is possibly dominant in our sample, 
which promote the structural transformation from rhombohedral (a = b = c) for x = 0.05 
to orthorhombic (a ≠ b ≠ c) for x = 0.7 and it is in agreement with earlier report [115].  
3.3.2 DC magnetic properties and Phase diagram 
Fig. 3.4(a) shows the temperature dependence of the dc magnetization, M(T), of 
La0.7-xBixSr0.3MnO3 (x = 0, 0.05, 0.1, 0.2, 0.25, 0.3, 0.35, 0.4, 0.5, and 0.7) measured 
under µ0H = 50 mT during cooling and warming. The Curie temperature (TC) is 
calculated from the minimum of dM dT curve. Upon lowering the temperature, M(T) of 
x = 0 shows an abrupt increase at TC  = 365 K due to paramagnetic to ferromagnetic 
transition. With increasing x, the TC decreases, M(T) broadens in temperature and 
decreases in magnitude at 10  K. The observed TC  in the warming mode are 365 K, 353 
K, 334 K, 296 K, 280 K, and 182 K for x = 0, 0.05, 0.1, 0.2, 0.25, and 0.3, respectively. 
Interestingly, while the M(T) for x ≤ 0.25 shows a negligible hysteresis between cooling 
and warming, a clear hysteresis (TC = 168 K while cooling and 191 K while warming) is 
observed for x = 0.3, which indicates that the paramagnetic to ferromagnetic transition is 





first-order in this compound. The width of the hysteresis is dramatically reduced in x = 
0.35, which also shows a sudden decrease in the magnetization value compared to x = 
0.3. 
















































                                   
 
Fig.3.4: (a) M(T) of La0.7-xBixSr0.3MnO3 (x = 0-0.7) under µ0H = 50 mT during 
cooling and warming. M(T) of x = 0.3 is shown in both ZFC and FC mode. (b) M(T) 
of x = 0.35-0.7 are shown again for clarity. The upward and downward arrows 
indicate the charge-ordering transition (TCO) and antiferromagnetic transition (TN) 
temperatures, respectively.    
 
Since the features in M(T) of x ≥ 0.35 compounds are masked by the scale of the 
graphs in Fig. 3.4(a), we have  shown  them  explicitly in Fig. 3.4(b). The M(T) of x = 
0.35 shows two peaks, one around T = TCO = 260 K and another around T = TN = 198 K. 
We identify TCO as the onset temperature for charge-orbital ordering in the paramagnetic 





state and TN as the Neel temperature of antiferromagnetic ordering of Mn-t2g spins in the 
charge ordered state. The compositions x > 0.35 show M(T) behavior similar to x = 0.35. 
While TN decreases with increasing x, the TCO increases. The TCO for x > 0.5 samples is 
shifted above 400 K which is beyond the maximum temperature limit of our instrument. 
The magnitude of M at 10 K decreases with increasing Bi content except for x = 0.7, for 
which the M at 10 K is higher than for x = 0.4 and 0.5. The higher value of x = 0.7 may 
arise from canting of spins in the antiferromagnetic state.  
 









































Fig.3.5: Temperature dependent inverse magnetic susceptibility (χ-1(T)) curves 
(symbol) are shown for x = 0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.7 and the Curie-Weiss fits 
are shown in solid lines.   
 
Fig. 3.5 shows the temperature dependence of the inverse susceptibility, -1(T), 
for x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.7 along with the Curie-Weiss linear fit 





(1 ( ) )T C   (solid lines).  We have not shown the data for x = 0.05, 0.25 and 0.35 
for clarity. While  for x ≤ 0.25 is linear in T for T > TC, a strong deviation from the 
linearity is observed below T* = 315 K for x = 0.3, although long range ferromagnetism 
in this sample occurs at much lower temperature (TC = 168 K while cooling). We discuss 
the origin of T* in detail later. The x = 0.4 sample shows a clear deviation from linearity 
below room temperature because of the long range charge order below TCO = 300 K. The 
large difference paramagnetic Curie temperature (p) and effective magnetic moment 
(Peff) are calculated from the C-W fit and are shown in Table 3.1 along with the Curie 
temperature (TC), saturation magnetization (Ms) and effective magnetic moment (theory 
and experiment). The large difference between theoretical and experimental Peff could 
arise due to short range magnetic correlation among Mn ions and/or due to short-range 
charge-ordered clusters in the paramagnetic state.  
 





0 365 359.7 6 4.61 3.7 
0.05 353 354.2 5.8 4.61 3.654 
0.1 334 340 5.64 4.61 3.574 
0.2 296 300 5.59 4.61 3.35 
0.25 280 282 5.89 4.61 3.17 
0.3 191 246 6.65 4.61 2.715 
0.35 260* 211 6.71 4.61 0.999 
0.4 300* 199 6.79 4.61 0.992 
0.5    4.61 1.003 
0.6    4.61 1.25 
0.7    4.61 1.38 
*Charge-ordering transition temperature 
Table 3.1. The Curie temperature (TC), paramagnetic Curie temperature (p), 
saturation magnetization (Ms) and effective magnetic moment (Peff) are shown for 
all compositions. 
 
































Fig.3.6: Magnetization isotherms of La0.7-xBixSr0.3MnO3 (x = 0-0.7) at 10 K in ZFC 
mode.  
 
Fig. 3.6 shows M(H) at T =  10 K measured  after cooling the sample in zero field 
to 10 K (ZFC mode ) for x = 0, 0.1, 0.2, 0.25, 0.3, 0.35, 0.4, 0.5, and 0.7. We have not 
included the data for x = 0.05 for clarity. The samples with 0 ≤ x ≤ 0.25 are long range 
ferromagnets as indicated by the rapid increase of M(H) at low fields and  approach to 
saturation at the highest field. However, M(H) increases continuously without saturation 
up to μ0H = 5 T in x = 0.3 although it shows a rapid increase below μ0H = 10 mT. The 
ferromagnetic component at low fields is greatly suppressed in x = 0.4 and 0.5 which also 
do not show saturation at the highest field. Interestingly, the magnetization curve of x = 
0.7 lies above that of x = 0.4 and 0.5. The saturation magnetization (MS), estimated from 





the extrapolation of the high field data to μ0H = 0 T, decreases from 3.7 B/f.u. for x = 0 
to 2.17 B/f.u. for x = 0.3. A dramatic decrease in M(5 T) between x = 0.25 and 0.3 and 
also between 0.3 and 0.4 occurs indicating an abrupt change in magnetic ground state. 
While the samples with x ≤ 0.25 are ferromagnetic, the x ≥ 0.35 samples become 
antiferromagnetic and charge ordered. The x = 0.3 is at the boundary between 
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Fig. 3.7: M-H isotherms are shown for x = 0.3 at selected temperatures between 250 
K and 100 K in ZFC mode. The neighboring M(H) curves differ by 25 K. Inset 
shows the M-H isotherms at T = 10 K in ZFC and FC mode.  
 





Since the x = 0.3 sample shows very interesting magnetization behavior, we have 
studied the dc magnetic properties in this compound in detail. Fig. 3.7 shows the full 
cycle M-H isotherms (0 →5→-5→ 5 T) at selected temperatures for x = 0.3 in zero field 
cooled (ZFC) mode. We have heated the sample above 300 K and cooled in zero field to 
the desired temperature before starting the measurement at each temperature. While M-H 
isotherms varies linearly with increasing strength of H, as expected in the paramagnetic 
state at T = 275 K, M-H isotherms at T = 250 K and 225 K show rapid increase at very 
low field (0 ≤ μ0H ≤ 50 mT) without showing clear hysteresis. However, the M-H 
isotherms show S-shaped magnetization (―meta magnetic‖ behavior) in the virgin loop (0 
→ 5 T) for a certain range of field strengths between T = 150 K and 200 K with 
hysteresis behavior between increasing and decreasing of magnetic field. The M-H for 
negative magnetic field is the mirror image of the M-H curve for positive magnetic field 
for T ≥ 150 K. The width of the hysteresis during 0 → 5 → 0 T increases with lowering 
temperature, shows a maximum at T = 125 K and then decreases to T = 100 K. The M-H 
behavior at and below T = 125 K indicates that the sample may be locked into the 
ferromagnetic state after the initial sweep (0 to 5 T) and a soft ferromagnetic behavior is 
observed for the subsequent field sweeps. As the temperature decreases below 100 K, the 
magnetization at low fields (µ0H ≤ 50 mT) increases rapidly and it shows metamagnetic 
transition again at higher fields. However the metamagnetic transition below 100 K is not 
similar to that of above 125 K. While the metamagnetic in magnetization above 125 K 
persists till µ0H = 3 T, it shifts towards higher field with lowering temperature below 100 
K and reaches 5 T for T = 30 K. The metamagnetic behavior shifts above 5 T for T = 20 
K and 10 K and hence it is not visible in the graph. Hence, we show the M-H isotherms at 





T = 10 K again in ZFC and FC mode in the inset of Fig. 3.7. Note that, the sample was 
cooled from above 220 K under 5 T field to 10 K to do the measurement in FC mode. 
The magnetization in FC mode shows a soft ferromagnetic like behavior unlike gradual 
increase in magnetization with increasing field in ZFC mode and its value is higher than 
that in ZFC mode, even at μ0H = 5 T. Note that the maximum value of magnetization 
increases with lowering temperature from 1.90 µB/f.u. at T = 225 K to 3.6 µB/f.u. at T = 
50 K and then decreases to 2.72 µB/f.u. at T = 10 K. It is also important to mention that 
the magnetization loop in the virgin cycle (0 → 5 T) lies outside the envelope traced by 



















































Fig.3.8: (a) FC M(T) of x = 0.3 are shown at selected field during cooling and 
warming. (b) M(T) of x = 0.3 at different field in ZFC and FC mode.     
 
Fig. 3.8(a) shows the M(T) of x = 0.3 during cooling and warming under different 
magnetic fields in field-cooled (FC) mode. The FC M(T) exhibits a clear hysteresis 









as the inflection point 
of the increasing and decreasing portion of the M-T curve while cooling and warming 




)/2 and the width of the 




. First, we note that TC (avg) initially decreases and then 
increases rapidly with increasing H, i.e. TC (avg) = 182 K for μ0H = 100 mT to TC (avg) = 
161 K for μ0H = 10 mT to TC (avg) = 239 K for μ0H = 5 T. Second, the width of the 
transition initially increases, reaches a maximum at μ0H = 50 mT and then decreases (i.e., 
ΔT = 21, 46, K for μ0H = 0.01, 0.1, 0.5, 1, 3, 5 T, respectively). The dramatic decrease in 
the ΔT between μ0H = 1 and 3 T indicates a field induced transition from first to second 
order.   
To understand the peculiar magnetization isotherms of x = 0.3 below 100 K, we 
have shown the M(T) in ZFC and FC mode while warming under different magnetic 
fields in Fig. 3.8(b). While the M(T) under 0H = 100 mT in the ZFC and FC modes 
merge at high temperatures, they bifurcate below Tir = 120 K. As the field increases, Tir 
shifts down in temperature and the difference between FC and ZFC magnetization 
decreases but did not vanish even at 0H = 5 T. This observation clearly suggests that the 
low temperature magnetic phase of x = 0.3 is not a homogeneous ferromagnet. 
From the above dc magnetization data, a magnetic Phase diagram is established 
and is shown in Fig. 3.9. The transition temperatures (TC, TCO, TN) are plotted as a 
function of composition (top scale) and average ionic radius (bottom scale) in the phase 
diagram. The important characteristic of this phase diagram is the bicritical point at x = 
0.3 i.e. the co-existence of both ferromagnetic and charge-ordered phases. While the 
compositions with x ≤ 0.25 transforms from paramagnetic metal to ferromagnetic metal 





while cooling, the compositions x ≥ 0.35 transforms from high temperature charge-
disordered paramagnetic insulator to charge- ordered paramagnetic insulator, followed by 
another transition to charge-ordered antiferromagnetic insulator below TN. However, the 
composition x = 0.3 transforms from high temperature charge-disordered paramagnetic 
insulator to charge-ordered paramagnetic insulator around 260 K and then transforms to 
ferromagnetic insulator below 168 K. This Phase diagram also separates the  
paramagnetic metallic state from the paramagnetic insulator and charge ordered insulator 
states.  
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Fig.3.9: Phase diagram of La0.7-xBixSr0.3MnO3 (x = 0 – 0.7). The different regions are 
abbreviated as follows: PMI - Paramagnetic Insulator; PMM - Paramagnetic Metal; 
FMM - Ferromagnetic Metal; COI - Charge-Ordered Insulator; AFMI - 
Antiferromagnetic Insulator. (Inset) 2 as a function of composition (top scale) and 
average ionic radius (bottom scale) 





3.3.3 Dc electrical and magnetotransport properties 
Fig.3.10 shows the temperature dependence of the dc resistivity, ρ(T), in zero 
field for all the compositions (x = 0.05 to 0.7). The compounds with 0.05 ≤ x ≤ 0.2 
undergo temperature driven insulator-metal (IM) transition with a peak or broad 
maximum in the resistivity at T = TIM, which shifts down in temperature as x increases to 
0.2. The IM transition is absent in x = 0.3 and for higher compositions. The resistivity of 
the compounds with x ≥ 0.3 could not measure down to 10 K, because the resistance 
exceeds the measurable limit of the instrument. The magnitude of resistivity also 
increases with increasing x in the entire temperature range. 
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Fig.3.10: Temperature dependence of the dc resistivity (ρ(T)) of La0.7-xBixSr0.3MnO3 
(x = 0.05-0.7) in zero field. 
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Fig.3.11: Temperature dependence of the dc resistivity for (a) x = 0.05, (b) 0.1, (c) 
0.2 and (d) 0.3 and 0.4 under μ0H = 0, 3, and 7 T.  
 
Fig. 3.11 shows the ρ(T) for (a) x = 0.05, (b) 0.1, (c) 0.2, and (d) 0.3 and 0.4 under 
μ0H = 0, 3, and 7 T. The arrows indicate TC obtained from the magnetic measurement. 
While TIM ≈ TC for x = 0.05, the disparity between TIM and TC increases with increasing x 
(i.e. TIM = 215 K but TC = 296 K for x = 0.2) and finally the ground state changes to an 
insulator for x = 0.3. The (T) of x = 0.1 exhibits two peaks: one at TC and other around 
245 K. Furthermore, the magnitude of the maximum at TIM is higher in magnitude than 
the peak at TC. While, the peak at TC in x = 0.05 and 0.1 decreases in magnitude with 
increasing x and shifts above 400 K for μ0H= 7 T, the position of the maximum around 
245 K in x = 0.1 shifts only by few Kelvin even under μ0H = 7 T. This indicates the 
origin of maximum much below TC is non magnetic. The x = 0.2 sample does not show a 





clear anomaly at TC but exhibits a peak around TIM = 215 K which does not shift with the 
magnetic field. Although the x = 0.3 sample is insulating down to the lowest temperature, 
a magnetic field of μ0H = 7 T induces insulator to metal transition around 115 K. 
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Fig.3.12: Temperature dependence of MR for (a) x = 0.05, 0.1 and 0.2, (b) x = 0.25, 
0.3 and 0.4 for ΔH = 7 T. Inset shows maximum MR as a function of composition for 
ΔH = 7 T. 
 
Fig. 3.12(a) shows the magnetoresistance (MR), -∆R/R (%) = [R (0 T)-R (7 T)]/R 
(0 T)] × 100, for x = 0.05, 0.1, 0.2. The MR of these compounds shows a peak around 
their respective TC’s and it increases with lowering temperature below TC. The peak value 
of -∆R/R at the TC decreases with increasing x (i.e., -∆R/R = 29.9%, 28.1% and 14.4% for 
x = 0.05, 0.1 and 0.2, respectively). Furthermore, the magnitude of the -∆R/R at 10 K 
exceeds its value at the peak for all these there compositions which indicates significant 





contribution from the spin polarized tunneling between ferromagnetic grains [96]. Fig. 
3.12(b) shows the -∆R/R for x = 0.25, 0.3 and 0.4. The -∆R/R in x = 0.25 increases 
gradually, shows a small hump around 300 K and then shows a rapid increase below 200 
K. Finally -∆R/R reaches close to 98% below 100 K. The -∆R/R of x = 0.3 also shows a 
similar behavior to that of x = 0.25, but no small hump is observed in x = 0.3 as x = 0.25. 
In contrast, the -∆R/R of x = 0.4 increases gradually with lowering temperature. The 
maximum value of -∆R/R is plotted as a function of composition in the inset of Fig. 
3.12(b). The magnitude of MR initially decreases with increasing x and shows a sharp 
increase around x = 0.25. It reaches a maximum magnitude of 100% for x = 0.3 and then 
decreases to 68% at x = 0.4. The MR is negligibly small for x > 0.4. 



































Fig.3.13: Temperature dependence of dc resistivity, ρ(T), of x = 0.3 under 0H = 0, 3, 
and 7 T in ZFC and FC mode. Inset shows the dc magnetoresistance for ∆H = 3, 5 
and 7 T.  
 
We show the T) of x = 0.3 in ZFC and FC modes under designated magnetic 
fields in Fig. 3.13. The data was collected while warming from 10 K after zero-field 
cooling or field cooling. The compound shows semiconducting behavior in zero field 





with  > 106 Ohm cm below 100 K. In ZFC mode, the T) under 0H = 3 T shows a 
local maximum around 85 K and then tends to increase again below 60 K. In contrast to 
the ZFC T), the FC T) under 0H = 3 T shows a clear insulator-metal transition 
around 95 K. The divergence of ZFC and FC T) starts below 100K and it increases 
with lowering temperature such that the  (2×103 Ohm cm) at T = 10 K in FC mode is 
two orders of magnitude lower than that of ZFC mode ( = 4×105 Ohm cm at T = 10 K). 
The divergence between ZFC and FC resistivity shifts to 115 K under 0H = 7 T. The FC 
 (T) at T = 10 K under 0H = 7 T is 100 Ohm cm which is much larger than the ZFC 
resistivity ( = 3.5×104 Ohm cm). These observations also indicate the ground state of x 
= 0.3 is inhomogeneous below 100 K. The magnetoresistance at 0H = 3, 5 and 7 T in FC 
mode are shown in the inset of Fig. 3.13. Upon lowering the temperature, the MR for ∆H 
= 3 T shows a broad peak slightly above the TC, followed by a rapid increase and then 
reaches almost 100% below 100 K. The MR for ∆H = 5 and 7 T shows similar behavior 
to that of ∆H = 3 T, but the magnitude of MR increases with increasing field in the entire 
temperature range.  
 We compare the M(H) and ρ(H) at 50 K in both ZFC and FC mode and are 
shown in  Fig.3.14 (a)-(b), respectively. In ZFC mode, the virgin curve (0→5 T) shows a 
rapid increase at low fields (μ0H < 50 mT) and a gradual increase up to 1.5 T, which 
indicates FM domain wall expansion and re-orientation of ferromagnetic domains along 
the field direction. However, M(H) shows a step like increase between 1.5 T and 4 T 
before showing approach to saturation. Upon decreasing 0H from 5 T, M remains in the 
saturated state down to 50 mT and then decreases rapidly to zero when 0H → 0 T. So, 





M-H exhibits irreversible behavior between the virgin curve (0 → 5 T) and field 
decreasing branch (5 → 0 T). The M(H) for field cycling +5 T → -5 T → +5 T indicates a 
soft ferromagnetic behavior with negligible hysteresis. The M(H) in FC mode shows soft 
ferromagnetic behavior, which nearly coincides with the M(H) curve obtained from the 













































Fig.3.14: (a) M(H) of x = 0.3 are shown at T = 50 K in ZFC and FC mode. (b) ρ(H) of 
x = 0.3 are shown at T = 50 K in ZFC and FC mode.  
 
The behavior of (H) in ZFC and FC modes correlate well with the behavior of 
M(H). The (H) below μ0H = 1 T in the ZFC mode is beyond the measurable limit, but 
the (H) shows an abrupt decrease between μ0H = 1 T and 2 T and it reaches 1600 Ohm 
cm at μ0H = 5 T of the magnetization behavior. The virgin curve of the ZFC resistivity 
becomes too high to measure initially, but it decreases sharply with increasing field to 
reach 300 Ohm cm at μ0H = 5 T. However, the  does not recover to the original 





insulating state while sweeping the field from +5 T to -5 T and then back to +5 T. When 
the sample is in field cooled mode, (H) = 365 Ohm cm at μ0H = 0 T and it decreases 
gradually to 77 Ohm cm for μ0H = 5 T. The (H) shows symmetrical behavior while 
reversing the magnetic field and the hysteresis is also negligible. The important message 
is that the resistivity in zero field (H=0)) in FC mode is more than three orders of 
magnitude smaller than that of ZFC mode.   








































































Fig.3.15: Field dependence of the calorimetric data (dQ/dH) (left scale) and 
magnetization (right) are shown for x = 0.3 at (a) T = 200 K, (b) 175 K, (c) 150 K, 
and (d) 100 K, in ZFC mode. The directions of field sweep in dQ/dH are marked as 
loop “a” (0→7 T), loop “b” (7→0 T), loop “c” (0→-7 T), loop “d” (-7→0 T) and loop 
“e” (0→7 T) and also marked by arrows. 
 





Next, we compared the field dependence of magnetization and differential 
scanning calorimetric (DSC) data at selected temperatures in ZFC mode. Fig. 3.15 shows 
the field dependence of the calorimetric signal (dQ/dH) on the left scale and 
magnetization (M) on the right scale for (a) T = 200, (b) 175, (c) 150 and (d) 100 K. The 
calorimetric data were measured up to μ0H = 7 T compared to a maximum field of μ0H = 
5 T used for the magnetization measurement. Prior to the measurement at each 
temperature, the sample was heated to 240 K (i.e. above TC) in zero field and cooled back 
to the desired temperature. The data were recorded after stabilizing the temperature 
within ± 0.2 K for 5 minutes. The virgin loop (0 → 5 T, in case of M(H) and 0 → 7 T in 
case of DSC ) is marked as ―a‖. The direction of the field cycling is marked in the graph. 
The part of the loop 0 →5 T or 7 T after completing the negative field sweep (μ0H = -5 
Tor -7 T to 0 T) is marked as ―e‖. Upon increasing μ0H from 0 T, M(H) at T = 200 K 
increases sharply  in very low fields (μ0H < 10 mT) and then increases gradually without 
saturation up to 5 T. A small but clear hysteresis occurs while reducing the field to μ0H = 
0 T. The virgin loop ―a‖ and the loop ―e‖ coincides at this temperature. As H increases 
from 0 T, the DSC signal increases smoothly and goes through a maximum around 2 T 
and then decreases. While decreasing the magnetic field from + 7 T to 0 T, the dQ/dH 
goes through a minimum around μ0H = 2 T. The field sweep in the negative cycle results 
in nearly symmetrical loop in dQ/dH. The dQ/dH measured from 0 T → 7 T in the virgin 
loop and loop ―e‖ shows very little difference at this temperature. At T = 175 K, a gap 
opens up between ―a‖ and ―e‖ loops. A metamagnetic transition, i.e., a rapid increase of 
M(H) just above a critical value of field (μ0HC = 1.8 Tesla) is clearly visible in the ―a‖ 
loop. The metamagnetic transition is absent and M decreases as like a superparamagnet 





while reducing μ0H from 5 T to 0 T. In the reverse cycle, the metamagnetic-like feature 
again appears during 0 T →-5 T sweep but not during -5 T→ 0 T sweep. The 
metamagnetic-like transition reappears again in the ―e‖ loop. In accordance with the 
metamagnetic transition in M(H), the dQ/dH shows a peak around μ0HC = ±1.8 T in the 
―a‖ loop. The peak in dQ/dH is absent while reducing the field from +7 T to 0 T. The 
peak in dQ/dH reappears in the field sweep from 0 T to -7 T, but it is absent in the 
subsequent negative sweep from – 7 T to 0 T. A large difference in dQ/dH between ―a‖ 
loop and ―e‖ loop has strikingly similar to the M(H) data. The data at T = 150 K is 
qualitatively similar to that of T = 175 K. However, the magnitude of peak in ―a‖ loop is 
much larger than that of ―e‖ loop at this temperature. At T = 100 K, M increases sharply 
in very low fields (μ0H < 10 mT) and then increases gradually and saturates above 2.5 T 
field. A large hysteresis is observed while reducing field to μ0H = 0 T. Upon further 
cycling field, the M shows a soft ferromagnetic-like behavior and no hysteresis is 
observed in the subsequent field sweep. The large difference in M between the loop ―a‖ 
and loop ―e‖ is also reflected in the DSC signal, which shows a peak around μ0H = 0.8 T 
in loop ―a‖. However, the peak is absent in the loop ―e‖.  
3.3.5 Discussions on dc electrical and magnetic properties 
Among all the compounds investigated, the x = 0.3 shows unusual features which 
includes (a) a huge hysteresis in M(T) while cooling and warming between 260 K and 
100 K, (b) strong deviation of χ-1(T) from its Curie-Weiss behavior around 260 K >> TC, 
(c) a field-induced metamagnetic behavior in M(H) in the PM state, (d) large difference 
between ZFC and FC magnetization at µ0H = 5 T, (e) field-induced metal-insulator 
transition in resistivity, (f) CMR below 100 K.   





The doped holes are itinerant below TC in La0.7Sr0.3MnO3 (x = 0) but as the Bi 
content increases, charges become localized due to narrowing of the eg-electron 
bandwidth. As charges become localized, the repulsive Coulomb interaction among the 
charges and superexchange antiferromagnetic interaction tend to compete with the double 
exchange ferromagnetic interaction and hence both TC and MS decrease gradually with 
increase in Bi content for x ≤ 0.3. Finally, cooperative Jahn-Teller distortion along with 
Coulomb interaction stabilizes the charge ordering in x ≥ 0.35 and this CO paramagnetic 
state converted to charge-ordered antiferromagnetic state at TN. While the TCO shifts 
rapidly to high temperature, the TN shifts gradually towards low temperature with 
increase in Bi content. The compound x = 0.3 is at the bicritical point i.e. on the phase 
boundary between ferromagnetic (x ≤ 0.25) and charge-ordered antiferromagnetic (x > 
0.3) phases. A short-range charge ordering is incipient in this compound, which develops 
around T = T* = 315 K (>> TC = 168 K) causing deviation of χ
-1
(T) from its Curie-Weiss 
behavior. The short-range charge ordering continues to coexist with the ferromagnetic 
phase below TC. The field-induced metamagnetic transition in M(H) observed above TC is 
a consequence of the conversion of the short-range charge ordered phase into 
ferromagnetic phase through a first-order phase transition. It results in hysteresis and 
irreversibility in M(H) above TC (= 168 K) and also it occurs slightly below TC. However 
the metamagnetic behavior disappears below 150 K but the irreversibility in M(H) still 
occur while sweeping the magnetic field from 0 to 5 T and then back to 0 T and the 
sample shows a soft ferromagnetic behavior for further field sweep i.e. while sweeping 
the field from 5 T to -5 T and then back to 5 T. This seems that the sample is locked to a 
ferromagnetic state after the initial field sweep below 125 K. However, the field-induced 





metamagnetic transition appears again in the virgin loop below 100 K and it shifts rapidly 
to higher field with lowering temperature. This indicates that the short-range charge 
ordered phase also coexist with the ferromagnetic phase below 100 K, which become 
freeze at low temperature. The freezing of the short-range charge ordered and 
ferromagnetic phases leads to a cluster glass like behavior below 100 K (see Fig. 3.9(b)). 
The Tirr shifts down in temperature, but the ΔM (MZFC - MFC) did not vanished even under 
μ0H = 5 T. The Tirr is around 30 K under μ0H = 5 T, which coincides with the M(H) data 
at 30 K i.e. the metamagnetic transition in M(H) shifts to 5 T at 30 K.    
Resistivity measurements correlate well with the magnetization data. While the 
resistivity in zero field increases with Bi doping, the peak at TIM shifts down in 
temperature as like that of TC. However, the TIM is not visible for x = 0.3 unlike the TC for 
x = 0.3 is 168 K while cooling. Note that, the TIM decreases at a faster rate than that of TC. 
Furthermore, the magnitude of resistivity in zero field also increases rapidly from 10
-3
 
Ohm cm for x = 0.05 to more than 10
6
 Ohm cm for x = 0.3 at 20 K. Such a huge change 
in resistivity and lowering of TIM with increasing x are attributed to the increase in short 
range charge ordering around TC, which exists to lowest temperature for x = 0.3. The 
conversion of charge-ordered insulating phase into ferromagnetic metallic phase under 
the application of external magnetic field leads to field-induced metal-insulator transition 
for µ0H ≥ 3 T. Furthermore, the x = 0.3 shows an enormously large residual resistivity 
(i.e. {ρ(0 T)/ρ(7 T)} > 103) in the metallic region at low temperature, which is much 
larger than the Mott metallic limit [116]. Such a large residual resistivity for x = 0.3 is 
suggested to the percolative conduction through ferromagnetic metallic regions 
embedded in charge ordered insulating regions [35] which favors the short range 





correlation of charge-ordered and ferromagnetic phases at low temperature. It results in 
the cluster glass like behavior in resistivity as observed from the difference between ZFC 
and FC resistivity in x = 0.3. The competition between the short-range charge ordered 
insulating and ferromagnetic metallic phase leads to colossal magnetoresistance below 
100 K, which completely agrees with the theoretical prediction by R. Yu et al [117]. 
Earlier experimental reports suggest that the co-existence of FM and CO phases occur in 
micro-scale regime at low temperature [35].  
What is the origin of charge ordering in Bi doped La0.7Sr0.3MnO3? The origin of 
charge ordering might be two fold; one is extrinsic i.e. cation size mismatch arising from 
different 2 values in the A-site and other is intrinsic i.e. presence of the 6s2 lone pair 
electron in Bi. The system studied in this work has nearly same ionic radii but different 
values of 2. The 2 values are calculated using the variance of the A-site cation radius 
distribution using equation (1.3), which shows that the 2 monotonically decreases with 
increase in Bi doping (inset of Fig. 3.9). In other words, the decrease in 2 reduces TC and 
increases TCO which contradicts with the earlier reports [118,7] that increase in 
2 
reduce 
TC and increase TCO. Furthermore, the values of 
2 
in the present compounds are very 
small (i.e. the 2 value decreases gradually from 31.856 10  Å2 for x = 0 to 31.03 10 Å2 
for x = 0.7) compared to the rare earth dopants at the A-site [4]. Hence, we suggest that 
the origin of disorder in the present compounds, which destroys the ferromagnetic 
metallic state and induce charge-orbital ordered insulating state, is not due to cation size 
mismatch in the A-site rather it is due to the 6s
2
 lone pair electron of Bi, in agreement 
with the earlier report on Bi-Sr compound [105]. The presence of 6s
2
 lone pair in Bi also 





leads to a structural transformation from rhombohedral for x ≤ 0.2 to tetragonal for x ≥ 
0.3, which is matched well with the earlier report on similar compound La0.67-
xBixSr0.33MnO3 [108]. While the smooth change in lattice parameter for x ≤ 0.2 and x > 
0.3 are suggested to the stabilized ferromagnetic and charge-ordered phase, the rapid 
change in lattice parameter of x = 0.3 is suggested to the phase transformation from 
ferromagnetic to charge-ordered phase.  
3.3.6 Magnetocaloric properties of x ≤ 0.4 
Fig. 3.16 shows the magnetization isotherms for (a) x = 0.05, (b) 0.1, (c) 0.2, and 
(d) 0.4.  We have not shown the M(H) data for x = 0 and 0.25 since they are similar to x = 
0.05 and 0.2 respectively. The neighboring M(H) curves for all these samples differ by 5 
K except for x = 0.4 where the neighboring M(H) curves were shown for 10 K interval for 
clarity although we have taken data at each 5 K interval. It can be seen that compositions 
with x ≤ 0.2 show a typical ferromagnetic behavior (a rapid increase at low fields 
followed by approach to saturation at high fields) below TC and paramagnetic behavior 
above TC.  The x = 0.4 shows a linear M(H) behavior i.e. paramagnetic behavior in the 
temperature range 350 K-140 K.  
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Fig.3.16:  M-H isotherms for x = 0.05 (a), 0.1 (b), 0.2 (c), and 0.4 (d). The consecutive 
curves for x = 0.05, 0.1 and 0.2 differ by 5 K and the consecutive curves for x = 0.4 
differ by 10 K. 
 
Fig. 3.17 shows magnetization isotherms of x = 0.3 at selected temperatures. We 
show only the forward sweep (0 to +5 T) data in Fig. 3.18(a). We have heated the sample 
above 220 K in zero field and cooled in zero field to each selected temperature before 
start of each measurement. This compound shows an S-shaped magnetization (―meta 
magnetic‖ behavior) for a certain range of field strengths between T = 135 K and 210 K. 
The hysteresis loop in the first quadrant ( 0 5 0 5T T T T   ) at selected temperatures 
are shown in Fig. 3.18(b). Note that, the same data are shown in Fig. 3.7 for 0 to 5 to -5 
to 5 T.  
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Fig.3.17: M-H isotherms for x = 0.3 during the magnetic field sweep (a) 0→5 T, (b) 
0→5→0→5 T. The consecutive curves are differing by 5 K in figure (a).  
 
Next, we show the magnetic entropy change (Sm) as a function of temperature 
for samples with x ≤ 0.4 in Fig. 3.18. Fig. 3.18(a) shows the -Sm vs temperature at = 
1 TThe -Sm for x ≤ 0.25 decreases in magnitude with decreasing temperature and goes 
through maximum value close to TC and then decreases. The -Sm curves are nearly 
symmetrical about the peak. In contrast, the SM of x = 0.4, goes through a sharp 
minimum around 296 K (close to TCO) and increases symmetrically on either side of the 
minimum. Note that the minimum is slightly positive whereas Sm is negative at other 
temperatures. It is also to be noted that Sm of x = 0.4 is an order of magnitude lower than 
that of x = 0.05. The Sm increases in magnitude at ΔH = 3 and 5 T as shown in Fig. 
3.18(b) and 3.18(c), respectively. However, the position of the peak inSm for x = 0 – 





0.25 are not affected by increasing magnetic field. The maximum observed Sm values at 
the peaks are -4.56, -5.02, -4.8, -4.2, -3.65, - 3.1 and +0.015 J/kg K
 
for H = 5 T and the 
corresponding temperatures are 368, 356, 339, 302, 284, 198 and 296 K for x = 0.0, 0.05, 
0.1, 0.2, 0.25, 0.3 and 0.4 respectively. In Table 3.2, we compare the MCE of the present 






































Fig.3.18: Magnetic entropy change (Sm) as a function of temperature for x ≤ 0.4 at 
(a) ΔH = 1 T, (b) 3 T, (c) = 5 T.  
 
 












La0.7Sr0.3MnO3 365 4.44 128 178 Present 
La0.65Bi0.05Sr0.3MnO3 353 5.02 216 182.9 Present 
La0.7Ca0.05Sr0.25MnO3 341 6.86 364 - [119] 
La0.6Bi0.1Sr0.3MnO3 334 4.81 226 189.5 Present 
La0.67Sr0.33Mn0.9Cr0.1O3 328 5.00 200 - [120] 
La0.7Ca0.2Sr0.1MnO3 308 7.45 374 - [119] 
La0.5Bi0.2Sr0.3MnO3 296 4.21 251 197 Present 
LaFe11Co0.9Si1.1 294 13.5 350 - [123] 
Gd 294 10.2 410 - [77] 
La0.67Ba0.33MnO3 292 1.48 161 - [121] 
La(Fe0.9Si0.1)13H1.1 287 31 - - [122] 
Gd5Si2Ge2 276 18.4 535 - [77] 
La0.7Ca0.25Sr0.05MnO3 275 10.5 462 - [119] 
La0.67Ca0.33MnO3 252 2.06 175 - [121] 
La0.84Sr0.16MnO3 244 5.85 240 - [179] 
La0.87Sr0.13MnO3 197 5.8 232 - [179] 
La(Fe0.88Si0.12)13 195 23 - - [122] 
La0.4Bi0.3Sr0.3MnO3 191 3.1 325 279 Present 
LaFe11.7Si1.3 190 28 564 - [121] 
 
Table 3.2: Maximum entropy change (-Sm), relative cooling power (RCP), and 
refrigeration capacity (RC) values for H = 5 T for the present samples and for 
materials with comparable TC’s from the literature. 
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Fig.3.19: Temperature dependences of the magnetic entropy change (-∆Sm) at 
different magnetic fields for the composition x = 0.3 during (a) 0 → 5 T (b) 5 → 0 T. 
The consecutive curves differ by µ0H= 1 T. 
 
Next. we show -Sm versus T for x = 0.3 in Fig.3.19 explicitly. The neighboring 
Sm curves differ by ΔH = 1 T. The Sm calculated from the magnetization isotherms of 
Fig. 3.17(a) while sweeping the field from 0 to 5 T and is shown in Fig. 3.19(a). Upon 
lowering the temperature, the Sm at ΔH = 5 T shows a step-like increase around 260 K, 
followed by slow increase or plateau like region between 240 K and 185 K and then it 
decreases sharply towards low temperature. We see a similar trend in the temperature 
dependence for other ∆H. The maximum Sm is -2.45 J/kg K for ∆H = 5 T around 185 K. 
A step like increase around 260 K is also seen in the Sm curve while sweeping H from 





+5 T to zero in Fig. 3.19(b). However the Sm in the later case shows a clear peak around 
198 K for ΔH = 5 T and the magnitude of Sm at the peak (    
     = -3.1 J/kg K) is 
higher than the maximum value while increasing the magnetic field from 0 to 5 T. The 
temperature corresponding to the maximum in ΔSm    shifts from 183 K at ∆H = 1 T to 
197 K at ∆H = 3 T but it increases only by one Kelvin i.e. 198 K at ∆H = 5 T. However 
the temperature (260 K) corresponding to the step in Sm remains nearly same 
irrespective of the sweeping direction of the magnetic field.  
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Fig.3.20: Temperature dependences of the magnetic entropy change (-ΔSm) in x = 
0.3 for ΔH = 5 T, as calculated from the Maxwell’s relation (solid symbol) and 
Clausius - Clapeyron relation (Open symbol). (Inset) The critical magnetic field (HC) 
verses temperature (solid symbol) and the linear fit to the curve (solid line). 
 
Balli et al [123] pointed out that application of the Maxwell’s relation (MR) 
overestimates the magnetic entropy change in compounds in which paramagnetic and 
ferromagnetic phases coexist. When the magnetization of ferromagnetic phase is 
saturated in an applied magnetic field, major contribution to the magnetic entropy comes 





from the paramagnetic phase which transforms into a high moment state through a field-
induced metamagnetic transition. The correct value of the magnetic entropy change in 
materials showing metamagnetic transition under a magnetic field, can be determined 
using the Clausius-Clapeyron (CC) equation, ( / )m CS M dH dT    , where ΔM is the 
difference in magnetization  between the low field and high field phases and dHC/dT is 
the slope change of the HC verses T curve [123]. The HC is the critical field at which 
metamagnetic transition occurs, which is determined from the inflection point of the 
dM dH curve. The inset of Fig. 3.20 shows HC versus T curve which is linear in the 
temperature range 145 K and 195 K. For the estimation of HC, we have restricted the 
maximum temperature to 200 K since the metamagnetic transition is not clearly visible 
within the available field range for T > 200 K. The correct ΔSm verses temperature curve 
of x = 0.3 by using the CC equation is shown on the main panel of Fig. 3.20 and is 
compared with the values obtained using the Maxwell’s relation for H = 5 T while 
sweeping the field from 0 to 5 T. The maximum value of ΔSm calculated from the CC 
relation, is found to be 0.97 J/kg K, compared to that of 2.45 J/kg K as deduced from the 
MR. However, direct measurement of the magnetic entropy with other techniques such as 
differential scanning calorimeter which measures the latent heat change across the first-
order transition will be useful to resolve this issue [124].  
The maximum value of Sm is plotted as a function of composition (x) and 
average ionic radius ( Ar ) and is shown on the left scale of Fig. 3.21. It shows that the -
max
mS value increases gradually from 4.56 J/kg K for x = 0 to 5.02 J/kg K for x = 0.05 and 
then decreases to -0.015 J/kg K for x = 0.4. 










































                                        
Fig.3.21: Maximum magnetic entropy change (left scale) and relative cooling power 
(right scale) as a function of composition (bottom scale) and average ionic radius 
(top scale).  
 
Apart from a large negative Sm, the relative cooling power (RCP) is also an important 
parameter to determine the efficiency of cooling. The RCP is defined as      
        max
m FWHMS T                                                                                              
(3.2) 
where FWHMT is the full width at half maximum of Sm verses temperature curve. The 
RCP values have been calculated for all compositions at H = 5 T and is shown on the 
right scale of Fig. 3.21. The RCP value increases from 128 J/kg for x = 0.0 to 325 J/kg for 
x = 0.3 and then decreases to 5 J/kg for x = 0.4. However the RCP is an approximation of 








S T dT                                                                                   (3.3) 
which is defined as the amount of heat transfer between the cold end (T1) and hot end (T2) 
in an ideal thermodynamic cycle [125]. The T1 and T2 can be taken as the boundaries of 





the FWHM. The RC values have been calculated for all compositions at H = 5 T, which 
increases gradually from 178 J/kg for x = 0 to 279 J/kg for x = 0.3 and then decreases to 
0.62 for x = 0.4. The x = 0.3 compound shows two different RC values as like Sm, but 
the magnitude of RC shows higher value (= 279 J/kg) while sweeping the magnetic field 
from 0 to 5 T than that while sweeping the magnetic field from 5 to 0 T (= 250 J/kg). The 
values of RC, RCP, and max
mS  for our samples while sweeping the magnetic field from 0 
to 5 T are compared with other manganites and MCE compounds such as Gd, Gd5Si2Ge2 
and LaFe13-xSix with comparable Curie temperatures are shown in Table 3.2. 
3.3.7 AC Magnetoimpedance properties of x = 0.1 and 0.2 
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Fig 3.22. Temperature dependence of ac resistance of x = 0.1 at (a) f = 0.1 MHz, (b) 1 
MHz, (c) 5 MHz, (d) 10 MHz, (e) 15 MHz and (f) 20 MHz under different dc 
magnetic fields (H = 0, 300, 500 Oe and 1 kOe).   
 
Figs. 3.22 (a)-(c) show the temperature dependence of R of x = 0.1 at f = 0.1, 1 and 5 
MHz respectively, under different dc magnetic fields (H = 0, 300, 500 Oe and 1 kOe). 





The R(T, H = 0 Oe) at both f = 0.1 and 1 MHz shows a peak at TIM and a broad maximum 
around 245 K similar to the dc resistivity. However, R(T, 0 Oe) at f = 5 MHz shows an 
abrupt increase around TC = TIM = 336.5 K and a peak nearby. Although the broad 
maximum around 245 K is overshadowed by the appearance of the peak at TIM when f = 5 
MHz, a change of slope around 245 K is still visible. Note that, the value of R in the 
entire temperature range increases with increasing frequency. While the applied magnetic 
field has negligible effect on R at f = 1 and 0.1 MHz, the zero-field peak in R at f = 5 
MHz is very sensitive to sub kilo Oersted magnetic fields. The peak decreases in 
magnitude, broadens and shifts down in temperature with increasing strength of H and is 
completely suppressed under H = 1 kOe. It is to be also to be noted that the influence of 
H ≤ 500 Oe is mostly confined to the temperature region between TC and 230 K. The R 
above TC is not affected by the magnetic field. Figs. 3.22(d)-(f) show R(T, H) at f = 10, 
15, and 20 MHz, respectively. While the magnitude of the peak of R(T, H = 0 Oe) 
increases with increasing frequency, the rate of change of R with temperature decreases 
with decreasing temperature below TC. At these frequencies, the broad maximum 
observed around 245 K for f ≤ 1MHz is no longer visible in either zero or under magnetic 
field. The peak decreases in magnitude and shifts down in temperature with increasing H 
as like for f = 5 MHz. 
Figures 3.23(a)-(c) show X versus T at f = 0.1, 1 and 5 MHz, respectively. The 
X(T, 0 Oe) at f = 0.1 MHz shows a step around TC and continues to increase with further 
lowering temperature. The step is suppressed with increasing strength of H. The step is 
replaced by rapid increase and a prominent peak around TC for f = 1 and 5 MHz.  The 
appearance of the peak in X(T, 0 Oe) at  f = 1 MHz precedes the appearance of the peak 





in R. While X(T, 0 Oe) shows a rapid decrease between TC and 260 K, it continue to 
decrease smoothly below 260 K.  The peaks in X(T, 0 Oe) at these frequencies, decrease 
in magnitude, broaden and shift towards low temperature with increasing strength of H. 
Figs. 3.23(d)-(f) shows X(T, H) for f = 10, 15 and 20 MHz respectively. We notice a 
systematic change in X with increasing frequency. The magnitude of the abrupt increase 
in X(T, H = 0 Oe) at f = 10 MHz is smaller than that at f = 5 MHz and X(T, 0 Oe) 
continue to increase with lowering temperature below the abrupt increase. However, R(T, 
0 Oe) shows an abrupt decrease around TC and a minimum for f > 10 MHz. With 
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Fig.3.23. Temperature dependence of reactance of x = 0.1 at (a) f = 0.1 MHz, (b) 1 
MHz, (c) 5 MHz, (d) 10 MHz, (e) 15 MHz and (f) 20 MHz under different dc 
magnetic fields (H = 0, 300, 500 Oe and 1 kOe).   
 























































Fig 3.24. Temperature dependence of ac resistance of x = 0.2 at (a) f = 0.1 MHz, (b) 1 
MHz, (c) 5 MHz, (d) 10 MHz, (e) 15 MHz and (f) 20 MHz under different dc 
magnetic fields (H = 0, 300, 500 Oe and 1 kOe).   
 
Next, we turn our attention to x = 0.2 sample. Figs. 3.24a)-(f) show the R(T, H) at 
f = 0.1, 1, 5, 10, 15 and 20 MHz respectively. The R(T, H = Oe) at f = 0.1, 1 and 5 MHz 
show a prominent peak around TIM = 200 K and no clear anomaly at TC as like the dc 
resistivity in zero field. The value of R is hardly affected by the low magnetic field at 
these frequencies. However, as the frequency increases to 10 MHz, R(T, H = 0 Oe) shows 
a step-like increase around TC, followed by the maximum around 200 K. While the step-
like increase becomes more prominent at f = 15 and 20 MHz, the broad maximum around 
200 K is overshadowed completely by the magnitude of the step at f = 20 MHz. In 
addition, the R(T, 0 Oe) shows a rounded peak close to the TC which broadens with 
increasing frequency above 10 MHz. The peak decreases in magnitude with increasing 





field and is completely suppressed for H = 1 kOe. Note that, the influence of H ≤ 500 Oe 























































T (K)  
Fig.3.25. (a) - (f) Temperature dependence of reactance of x = 0.2 at (a) f = 0.1 MHz, 
(b) 1 MHz, (c) 5 MHz, (d) 10 MHz, (e) 15 MHz and (f) 20 MHz under different dc 
magnetic fields (H = 0, 300, 500 Oe and 1 kOe).   
 
Figs. 3.25(a)-(f) show X(T, H) for x = 0.2 at f = 0.1, 1, 5, 10, 15 and 20 MHz, 
respectively. A weak step is visible around the TC for f = 0.1 MHz and it evolves into a 
clear peak for f = 1 MHz. Below the peak, the X(T, 0 Oe) decreases initially but shows an 
upturn around 200 K where R(T, 0 Oe) shows a maximum. The peak decreases in 
magnitude and shifts down in temperature with increasing field, but the position of the 
minimum in X(T, 0 Oe) is not affected. The peak near TC is completely suppressed under 
H = 1 kOe. Similar behavior in X(T, H) is also seen at f = 5 MHz. The peak becomes less 
visible at f = 10 and 15 MHz. The X(T, 0 Oe) at  f = 20 MHz, shows a sudden decrease 





just below TC and this feature is eliminated under H. However, the 200 K-minimum in 
X(T,H) persists even at f = 20 MHz. We found that the position of the minimum is not 



















































T (K)  
Fig.3.26. Temperature dependence of the ac magnetoresistance (∆R/R) (a)-(b) and 
magnetoreactance (∆X/X) (c)-(d) under H = 500 Oe at selected frequencies for x = 
0.1 and 0.2, respectively. 
 
Fig. 3.26(a) shows the temperature dependence of the ac magnetoresistance 
(R/R=100×[R(H)-R(0)]/R(0)) at different frequencies for x = 0.1, for a field change of 
H = 500 Oe. Fig. 3.26(b) shows -R/R versus T for x = 0.2. The -R/R is negligible in 
the paramagnetic state, but it shows a rapid increase around TC and a peak close to it. The 
peak value of -R/R for x = 0.1 increases from ≈ 3% at f = 0.1 MHz to a maximum value 
of 24.3% at f = 5 MHz and then decreases. On the other hand, the peak value of -R/R for 
x = 0.2 reaches a maximum value of 8.3% for f = 10 MHz, which is much smaller than 
the maximum value in x = 0.1. Note that, the -R/R below the peak shows a tendency to 





increase with lowering temperature for f = 0.1 MHz in x = 0.1 and for f = 0.1 and 1 MHz 
in x = 0.2. On the other hand, the -R/R continues to decrease with lowering temperature 
below the peak for f > 1 MHz. Figs.3.26(c)-(d) show -X/X versus T for x = 0.1 and 0.2, 
respectively.  In contrast to -R/R, -X/X of x = 0.1 shows a maximum value (≈ 19.6%) 
at the lowest frequency (f = 100 kHz) and then it decreases with increasing frequency. 
The sign of the -X/X changes to negative around 8 MHz and it reaches the maximum 
value of -5.5% at f = 20 MHz. On the other hand, -X/X of x = 0.2 shows a maximum 
value of 12.3% at f = 100 kHz and then decreases. It also changes sign with increasing 
frequency and reaches -7.4% at f = 20 MHz. 
 













































































Fig.3.27: Magnetic field dependence of the ac magnetoresistance (a)-(b) and 
magnetoreactance (c)-(d) at selected temperatures and frequencies for x = 0.1 and 
0.2, respectively  





Next, we will show the magnetic field dependence of R/R and X/X as a 
function of frequency (f = 100 kHz-20 MHz) at a fixed temperature just below the TC. 
Figure 3.27(a) shows the field dependence of R/R for x = 0.1 at T = 330 K. The 
magnetic field was swept between H = +4 kOe and -4 kOe. The data are noisy for f = 100 
kHz, and the R/R increases in magnitude with increasing magnetic field and reaches  -
3% at H = ±4 kOe. In contrast, the R/R at f = 1 MHz exhibits a sharp peak centered on 
origin and shows a rapid increase in magnitude for +1 kOe ≤ H ≤ -1 kOe, followed by 
gradual increase at higher fields. The field dependence of R/R at f > 1 MHz show 
similar behavior to that at f = 1 MHz. The R/R at the highest field (H = ±4 kOe) 
increases with frequency, reaches a maximum value of -27% for f = 5 MHz and then 
decreases. The field dependence of R/R in x = 0.2 shows similar behavior to that of x = 
0.1 (see Fig. 3.27(b)) and shows a maximum value of -7.8% at H = ±4 kOe for f = 5 
MHz. In contrast to R/R, the X/X profile changes with increasing frequency as shown 
in Figs. 3.27(c)-(d) for x = 0.1 and 0.2, respectively. The X/X vs. H of x = 0.1 shows a 
peak at the origin for f < 10 MHz, which is transformed into a valley around the origin 
accompanied by two maximums on either side of origin for f = 10 and 12 MHz. The 
maximum broadens and two maxima shifts towards higher magnetic field with increasing 
frequency and finally they disappeared for f > 12 MHz. Because of the valley around the 
origin, a positive X/X is observed around the origin for above f = 10 and 12 MHz. The 
positive value of X/X around origin increases and spreads towards higher field and 
finally a positive magnetoreactance is observed in the entire field range for f = 20 MHz. 
The X/X at the highest field shows a maximum value of -15.4% at the lowest frequency 





(f = 100 kHz) and then it decreases with increasing frequency and shows -5.9% at f = 20 
MHz. Note that, the field dependence of X/X also changes sign with increasing 
frequency similar to the temperature dependence of X/X. The X/X of x = 0.2 shows 
similar field dependence behavior to that of x = 0.1 and shows a maximum value of -









































































Fig.3.28:  Magnetic field dependence of the ac magnetoresistance (a)-(b) and 
magnetoreactance (c)-(d) at selected temperatures and at f = 20 MHz for x = 0.1 and 
0.2, respectively. 
 
Figure 3.28(a) shows the field dependence of the R/R of x = 0.1 at selected 
temperatures for f = 20 MHz. The R/R is very small and noisy for T = 350 K (> TC). In 
contrast, the R/R at T = 335 K exhibits a sharp peak centered at origin and shows a rapid 
increase in magnitude for +1 kOe ≤ H ≤ -1 kOe, followed by a gradual increase at higher 
fields. The R/R shows a maximum value of -6% at H = ±4 kOe for T = 330 K (just 
below TC) and it decreases with lowering temperature to -4.5% for T = 200 K. Fig. 





3.28(b) shows the R/R of x = 0.2, which is similar to x = 0.1. However, the R/R of x = 
0.2 shows a maximum value (~ -9.2% at H = ±4 kOe) at T = 250 K i.e. far away from TC 
(= 296 K) and then decreases with further decreasing temperature. Fig. 3.28(c) shows the 
field dependence of X/X of x = 0.1 at selected temperatures for f = 20 MHz. The X/X is 
negligible at T = 350 K, but it shows a rapid increase in magnitude for +1 kOe ≤ H ≤ -1 
kOe, followed by gradual increase at higher fields. The X/X shows a maximum value of 
+5.8% at T = 330 K and then decreases with decreasing temperature. Importantly, the 
X/X shows positive value in the entire field range for all temperatures. In contrast, the 
X/X of x = 0.2 shows a valley around the origin and it is accompanied by peaks on either 
side of origin for all temperatures (see Fig. 3.28(d)). The X/X shows a maximum value 
of + 6.3% at T = 290 K and then decreases with decreasing temperature. The value of 
X/X at H = 4 kOe reduces to nearly zero at T = 250 K. The field dependence of X/X 
also shows a clear difference at 250 K. It increases with H at low field (H ≤ 500 Oe), 
goes through a peak and then decreases down to 1 T and then shows a tendency to 
increase at higher field. These features more pronounced at T = 200 K. The X/X is 
negative over a certain field range at this temperature.  
3.3.7.2 Discussions 
In polycrystalline ferromagnetic manganites, dc resistivity generally shows a large 
decrease (= 20-30%) in a field of H = 1- 2 kOe at T = 10 K but it decreases with 
increasing temperature and becomes negligible around TC [126]. The low-field dc 
magnetoresistance is attributed to spin polarized tunneling between misaligned grains or 
scattering at domain boundaries. On the contrary, the ac magnetoresistance (R/R) shows 





a peak around TC and it decreases with lowering temperature for f = 5 MHz and H = 500 
Oe. Hence, the observed ac magnetoresistance is not necessarily due to enhancement of 
the spin polarized tunneling or spin-dependent scattering. A large magnetoimpedance 
effect wherein both the in-phase and out of phase components of the ac impedance 
decrease dramatically under low magnetic fields (H = 1-50 Oe) was originally observed 
in amorphous or nanocrystalline wires and ribbons [127,128]. Its origin was suggested to 
decrease in the transverse permeability, which enhances the magnetic skin depth. Our 
polycrystalline sample composed of grains of about 3 micron average size separated by 
thin grain boundaries. The flow of ac current in the sample creates a circular ac magnetic 
field transverse to the direction of the current flow. The oscillating magnetic field induces 
an inductive voltage (VL = Ld/dt, where L is the self-inductance of the sample) which 
adds to the Ohmic voltage (VR = IacR).  The ac impedance of the sample is written as 
follows:  Z(f, T, H)  = R(f, T, H)+iX(f, T, H)                                                          (3.4 ) 
where R is the ac resistance and X is the reactance. The reactance can have both inductive 
(XL = 2fL) and capacitive (XC = -1/2fC) components. The positive sign of X in our 
samples indicate that inductive reactance dominates the capacitive reactance. Since the 
self inductance is proportional to the effective transverse permeability (t) of the sample, 
the abrupt increase of t at the onset of ferromagnetic transition causes X to increase at 
TC. The ac resistance is not affected when the skin depth is much larger than sample 
thickness. However, as the frequency increases, the ac current tend to flow in a surface 
layer of thickness 02 / t    , where  is the skin depth. In the strong skin effect 
regime, the ac resistance and reactance of a metallic wire of radius a can be written as 





follows:  (a/2δ)dcR X R  [128].                    (3.5) 
The abrupt increase of t in zero field at TC in our sample causes the skin depth in the 
ferromagnetic state to fall below its non magnetic value. As a result, both R and X show 
an abrupt increase around the TC. The applied dc magnetic field decreases the magnitude 
of effective transverse permeability which in turn increases  which leads to the decrease 
in both R and X.  
The X(T, H) shows a very unusual behavior at high frequencies. While the X(T, 0 Oe) 
shows an abrupt increase for f < 10 MHz, it shows an abrupt decrease for f > 10 MHz. In 
addition, the magnetoreactance also changes sign from negative to positive for f ≥ 
10MHz. It is known that, the domain wall oscillation and domain magnetization rotation 
occurs at low frequencies. However, the domain wall oscillation is damped due to eddy 
current and hence only domain magnetization rotation occurs at high frequencies. The 
change in the magnetization process of the sample may be the origin for the unusual 
behavior above 10 MHz. It is worth to mention here that, the sign change of 
magnetoreactance was also observed earlier in Fe-Co-Si-B amorphous ribbon around f = 
2 GHz, [129] and it was to the occurrence of ferromagnetic resonance (FMR) in the 
sample. However, the FMR generally occurs in GHz range and hence the possibility of 
the occurrence of FMR in our sample is ruled out. Recently, rf current-induced domain 
wall resonance was also reported in a permalloy nanowire [130]. 
Another interesting aspect of present study is the observation of minimum in X(T, 0 
Oe) around 200 K for x = 0.2, which corresponds to the maximum in R(T, 0 Oe). It is 
stated earlier that, the inductive (XL=2fL) and capacitive (XC= -1/2fC) reactance 





contribute to the total reactance (X = XL+ XC) and the positive reactance for our samples 
indicate the dominant contribution of inductive reactance at all frequencies. Although the 
inductive reactance is dominated completely for x = 0.1 sample, the capacitive reactance 
increases and inductive reactance decreases with lowering temperature for x = 0.2 and 
hence the X decreases gradually. However, the capacitive contribution decreases and 
inductive contribution increases with lowering temperature below 200 K, which in turn 
increases the total reactance of the sample. It is suggested that the ac resistance is 
responsible for such behavior in reactance. Note that, the ac resistance in x = 0.1 is very 
small and hence the capacitive contribution to reactance is negligible. The large increase 
in ac resistance is x = 0.2 than x = 0.1 is suggested to the increase in charge-ordered 
insulating state in the ferromagnetic metallic matrix, which is caused by the 6s
2
 lone pair 
electron of Bi [109].
 
3.3.8 Dielectric properties of x ≥ 0.3 
3.3.8.1 Results 
Figures 3.29(a)-(f) show the temperature dependence of the real part of dielectric 
permittivity (ε') for x = 0.3, 0.35, 0.4, 0.5, 0.6, and 0.7, respectively at selected 
frequencies (f = 0.1 – 5 MHz) during warming. Upon warming, ε' (T) of x = 0.3 at f = 0.1 
MHz initially increases, goes through a broad peak around T = 109 K and then decreases 
gradually. The peak decreases in magnitude and shifts up in temperature with increasing 
frequency. However, magnitude of the ε' above 250 K is weakly affected by the 
frequency. The ε'(T) of x = 0.35 at f = 0.1 MHz shows a temperature independent region 
below 30 K, followed by a step-like increase. Instead of exhibiting a broad maximum as 
in x = 0.30, a plateau is superimposed on the broad maximum in x = 0.35 in the 





temperature range 150 K and 200 K. While the ε'(T) decreases in magnitude, both the 
step and plateau of ε' at high temperature shift up in temperature with increasing 
frequency. However, the value of ε' at the lowest temperature is not severely affected by 
frequency unlike in x = 0.3. For x = 0.4, the ε'(T) at f = 0.1 MHz remains very small and 
temperature independent up to 75 K and then it exhibits a peak around 170 K. The 
plateau like behavior found in x = 0.35 is absent in x = 0.4. Both the step and peak 































































Fig.3.29: Temperature dependence of the real part of dielectric permittivity (ε') for 
x = 0.3(a), 0.35 (b), 0.4 (c), 0.5 (d), 0.6 (e), and 0.7 (f).  
 
For x = 0.5, 0.6 and 0.7, the peak in ε'(T) is absent. Instead, they show a weakly 
temperature independent region at high temperature. The observed behavior in x = 0.5 is 
similar to Pr0.7Ca0.3MnO3 [145].
 
The step-like behavior shifts towards higher temperature 
and ε' decreases in magnitude with increasing frequency. The frequency independent 





plateau region at low temperature extends to high temperature with increasing x, e.g. the 
ε' is temperature independent up to 125 K for x = 0.7. All the samples exhibit a large 
dielectric constant and the peak value of ε' decreases with increasing x i.e. ε' = 69164, 
25272, 21933, 18508, 15472, and 12761 for x = 0.3, 0.35, 0.4, 0.5, 0.6 and 0.7, 
respectively. It is worth to be mentioned here that the ε' of x ≥ 0.5 show a large value over 





































































Fig.3.30: Temperature dependence of the imaginary part of dielectric permittivity 
(ε˝) for (a) x = 0.3, (b) 0.35, (c) 0.4, (d) 0.5, (e) 0.6, (f) 0.7.  
 
Figures 3.30(a)-(f) show the temperature dependence of imaginary part of dielectric 
permittivity (ε") for x = 0.3, 0.35, 0.4, 0.5, 0.6 and 0.7, respectively at selected 
frequencies (f = 0.1–5 MHz) during warming. The ε"(T) of x = 0.3 at f = 0.1 MHz shows 
a local maximum around Tm ~ 54 K, which corresponds to the rapid increase in ε' at that 
frequency. The maximum in ε" decreases in magnitude, broadens and shifts towards high 





temperature with increasing frequency similar to that of ε'. The ε"(T) of x > 0.3 
compounds also show similar temperature and frequency dependence as x = 0.3. The 
magnitude of ε" also decreases with increasing x. The upturn of ε" above the peak is 
caused by the conduction due to low resistivity of the sample at high temperature. Note 
that, the maximums in ε" are not clearly visible due to the large magnitude of ε', since ε" 
=ε'tan. Hence it is necessary to plot tan to get a clear picture of dielectric loss behavior. 
Fig. 3.31 shows the dielectric loss tangent (tan) as a function of temperature at selected 
frequencies for all x. Unlike the maximum in ε", the tan  shows a peak for all x and it 
shifts towards high temperature with increasing frequency. It is worth to be mentioned 
here that the magnitude of the dielectric loss is very small i.e., tan is less than 3.5 for all 
x below 200 K. Another important fact is that the tan peak at a particular frequency 
shifts to high temperature with increasing x.   
Next, we would like to understand the nature of observed dielectric relaxation. To 
verify the possibility of Debye relaxation (i.e. single relaxation time) process in our 
samples, we have plotted tan /tanp vs Tm/T for x = 0.3, 0.35, 0.4, 0.5, 0.6 and 0.7 in 
figures 3.32(a)-(f) respectively. The Tm corresponds to the position of the peak in tan 
(tanp). It is found that, tan peaks at different frequencies are nicely merged into a single 
peak for x = 0.7, but it deviates from a single peak in low and high temperature regions 
for other compositions (x < 0.7). This scaling behavior in tan indicates that the 
relaxation behavior in x = 0.7 satisfies Debye relaxation process with single relaxation 
time, whereas the relaxation behavior in other compositions is due to non-Debye 
relaxation process (distribution in relaxation times) [131].   































  100 kHz
  200 kHz
  300 kHz
  500 kHz
x = 0.3(a)
 
(b) x = 0.35
 
(c) x = 0.4
T (K)
(d) x = 0.5
(f) x = 0.7
T (K)
(e)   1 MHz
  2 MHz
  3 MHz







Fig.3.31: Temperature dependence of the dielectric loss tangent (tanδ) (a) x = 0.3, 





















































Fig.3.32: Normalized dielectric loss tangent (tan/tanp) vs reduced temperature 
(Tm/T ) is plotted for (a) x = 0.3, (b) 0.35, (c) 0.4, (d) 0.5, (e) 0.6, and (f) 0.7.   





























































































Fig.3.33: Plot of ln(fε') vs lnf for (a) x = 0.3, (b) 0.7 at selected temperatures between 
350 K and 40 K, The frequency dependence of real part of ac conductivity (ζ') is 
shown for (c) x = 0.3, (d) 0.7 at selected temperatures. 
Next, we will discuss the frequency dependence of the dielectric response for 
some of the selected compositions. It is known that the frequency dependence of the 
dielectric response of localized charge carriers can be described by the Jonscher’s 
Universal Dielectric Response (UDR) model [60], which relates the real part of dielectric 
permittivity (ε') and ac conductivity through the relations ((1.29)-(1.31)), 
 ζ'(f) = ζdc+ζ0f 
s
                                                                                                             
ζ"(f) = tan(sπ/2)ζ0f 
s+ε∞ε0f                                                                                            
and ε' = tan (sπ/2)ζ0f 
s-1
/ε0,                                                                                            
where ζ0 and s are temperature dependent constants. The equation (1.31) can be written 
as follows: fε' = A(T)×f s or ln(fε') = ln(A(T)) + s×lnf,                                                   (3.6) 





where A(T) = tan(sπ/2)ζ0/ε0 is a temperature dependent constant. Hence, a straight line 
with a slope s and an intercept ln(A(T)) should be obtained, if ln(fε') is plotted as a 
function of lnf at fixed temperatures. Figures 3.33(a)-(b) show the ln(fε') vs lnf plot for x 
= 0.3 and 0.7 respectively, at selected temperatures within the temperature range 300–30 
K. First we will discuss the dielectric response of x = 0.3. The data shows nearly straight 
line at T = 300 K, but it deviates from linearity with lowering temperature below 250 K 
till the lowest temperature. In contrast, nearly straight line curves are obtained at high (T 
= 300 K) and low (T = 60 K) temperatures for x = 0.7. The data deviates from linearity in 
the intermediate temperatures and the deviation shifts gradually from high frequencies at 
high temperatures to low frequencies with lowering temperature. This deviation occurs in 
the temperature region 100-225 K, which involves the dielectric relaxation (120-185 K). 
The straight line curves are obtained beyond the dielectric relaxation region. Due to the 
same reason, the curves deviate from linearity at all temperatures below 250 K for x = 
0.3. Similar frequency dependence was also found in CaCu3Ti4O12 (CCTO) [67]. This 
suggests that, the UDR model is nicely obeyed in x = 0.7. The compositions with x ≥ 0.4 
also show similar behavior as like x = 0.7 (not shown here). The linear fit to the 
experimental data of x = 0.7 at high and low temperature yields parameters, s = 0.94731, 
lnA(T) = 10.12564 at T = 300 K and s = 0.91808 and lnA(T) = 5.38175 at T = 60 K. Note 
that the curves below 60 K for x = 0.7 are almost overlapping. Substituting these values 
in equation (1), we find the conductivity drops by three orders of magnitude while 
lowering temperature from 300 K to 60 K. This is in contrast to the dc resistivity 
(conductivity) of x = 0.7 (see Fig. 3.10), which increases (decreases) by more than four 
orders of magnitude in the same temperature region. Such contrasting results may be 





originating from the different mechanisms contributing to the dc resistivity at low and 
high temperature regions. This will be discussed in detail in next section. 
Figure 3.33(c) shows the ζ'(f) of x = 0.3 at selected temperatures as in Fig. 
3.33(a). The ζ' is nearly frequency independent in the entire frequency range at T = 300 
K, but it deviates from linearity below 220 K till the lowest temperature. The deviation 
starts at high frequencies at high temperatures and it shifts towards low frequencies with 
lowering temperature. The ζ'(f) of x = 0.7 shows similar behavior as Fig. 3.33(c) and is 
shown in Fig. 3.33(d). While the ζ'(f) of x = 0.7 shows frequency independent behavior in 
the low frequency region at high temperatures (T > 250 K), it shows frequency 
independent region in the high frequency region at low temperature (120 K < T < 180 K). 
Finally the ζ'(f) of x = 0.7 shows almost linear behavior for T ≤ 100 K.  
3.3.8.2 Discussions 
The important results obtained from the studied compounds (0.3 ≤ x ≤ 0.7) are 
summarized as follows: (a) the compositions x = 0.3, 0.35 and 0.4 exhibits a frequency 
dependent peak in ε'(T). The peak decreases in magnitude and shifts to high temperature 
with increasing frequency. (b) instead of a clear peak, the ε'(T) of x = 0.5, 0.6, and 0.7 
shows a slow increase at high temperature after exhibiting a step-like increase. (c) huge 
dielectric constant is observed for all x and its magnitude decreases with increasing x (ε' = 
69164 for x = 0.3 to ε' = 12761 for x = 0.7). (d) a peak in tan  is observed for all x, which 
is accompanied by a step in ε'. (e) the Debye-like relaxation is found in x = 0.7, (g) The 
Universal dielectric relaxation law is satisfied by all x.  
Let us first comment on the high ε' value observed in the compounds. Generally 
ferroelectric materials show a huge dielectric constant (ε' ≈ 103-104) due to the existence 





of permanent dipole moments and spontaneous polarization just below TC. However, a 
large dielectric constant was also reported in non-ferroelectric oxides (i.e. having no 
permanent dipole moment) such as CaCu3Ti4O12 (CCTO) [67] and its derivatives, Li or 
Ti doped NiO [62], AFe1/3B2/3O3 (A = Ba, Sr, Ca; B = Na, Ta, Sb) [63], Ba4YMn3O11.5 
[132], La0.67Li0.25Ti0.75Al0.25O3 [133], La2-xSrxNiO4 [134], La1.2Sr2.7IrO7.35 [135], 
Sr2SbMnO6 [136], NaMn7O12 [137], CaMn7O12 [138], La1-xCaxMnO3 (0 ≤ x ≤ 0.03) [139] 
and Pr0.6Ca0.4MnO3 [140]. These compounds show a large ε' over a wide range of 
temperature and frequencies and it is reported to have extrinsic origin, which includes 
internal barrier layer capacitor (IBLC) [65,64] and surface barrier layer capacitor (SBLC) 
[141]. While the IBLC mechanism could arise from grain boundaries or twin boundaries, 
the SBLC could arise from the Schottky barrier at the sample-electrode contact. 
Maxwell-Wagner combined both IBLC and SBLC models and is known as Maxwell-
Wagner polarization effect. However, the origin of large dielectric constant is still being 
debated! Recently, the huge ε' in CCTO, LuCu2O4 and in few manganites was suggested 
to arise from the intrinsic effects such as polaron hopping [67,142,143], charge ordering 
[72,144] and phase separation [145]. Hence, it is necessary to investigate the mechanism 
responsible for the dielectric behavior in other non-ferroelectric oxides. Therefore, our 
main focus here is to understand the origin of huge dielectric constant and dielectric 
relaxation behavior in our samples. 
Recently, C. C. Wang et al [67] excluded the possibility of extrinsic effects as the 
origin of the dielectric constant in CCTO due to the following reasons: (a) the frequency 
dependent dielectric response satisfied the universal dielectric response, (b) the tanδ peak 
magnitude does not decrease with increasing frequency, (c) Maxwell-Wagner effect is 





applicable above 250 K. While the compounds with x ≥ 0.4 satisfy the condition (a), the 
compounds with x < 0.7 satisfy condition (b). It is important to mention here that, the 
condition (b) was derived from the fact that tanδ peak originates from the interfacial 
polarization, which satisfies the Arrhenius law perfectly. However, the tanδ peak 
originates from intrinsic effects can also satisfy the Arrhenius law [146]. Recently, E. 
Iguchi et al suggested that the mechanism related to dielectric relaxation and dc 
resistivity is same, if the dielectric response is intrinsic in origin [147]. Hence, we need to 
know the mechanism responsible for the dc resistivity and dielectric relaxation around the 
same temperature range.  
It is known that the conductivity in semiconducting or insulating materials is due 
to the hopping of charge carriers to the nearest neighbor site, which obeys the Arrhenius 
law of dc resistivity:  
 = 0exp(Ea/kBT),                                                                                              (3.7) 
where 0 is a constant, Ea is the activation energy and kB is the Boltzmann constant. 
However, N. F. Mott [148] later pointed out that the charge carriers can hop a longer 
distance at low temperature and it can be described by variable range hopping (VRH) 
model, which can be written in terms of resistivity as:  
ρ = ρ0exp(T0/T)
1/4
                                                                    (3.8)       
where, T0 = 24/[πkBN(EF) ], where N(EF) is the density of localized states at the 
Fermi level and is the decay length of the localized wave function.  
Fig. 3.34 shows the ln vs T-1/4. It is found that the dc resistivity data does not fit to the 
VRH model in one segment in the entire temperature range (see inset of Fig. 3.34), but it 





shows two linear regions. We have fitted the dc resistivity data to the VRH model below 
200 K, since the dielectric relaxation occurs below 200 K for all our samples. The curves 
show the best fit to the VRH model for all x. Hence, the tan peak positions should 
satisfy the VRH model [149] (f = f0 exp(-T0/Tm)
1/4
), if the dielectric relaxation in the 
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Fig.3.34. The dc resistivity (Symbol) is fitted with the Variable range hopping model 
(solid line) in the low temperature (T < 200 K) for x = 0.3 – 0.7.  
 
 
Fig. 3.35 (a) shows the plot ln(f(Hz)) vs. 1000/Tm
1/4 
for selected compositions for clarity. 
The VRH model shows the best fit to the experimental data for all the samples. This 
indicates that the hopping mechanism in dielectric relaxation and dc resistivity at low 
temperature are same and is due to the variable range hopping of localized charge 
carriers. To check the validity of the nearest neighbor hopping conduction, we have 





shown the Arrhenius fit (ln(f(Hz)) vs. 1/Tm) in Fig. 3.35(b). The data for x = 0.35 and 0.5 
samples are omitted for clarity. Although the Arrhenius law shows a good fit to the 
experimental data for x = 0.6 and 0.7, it does not fit well for x = 0.3 and 0.4. This 
indicates that the hopping distance is larger than the nearest neighbor distance at low 
temperature.  




















































Fig.3.35: The position of the tan  peak (Tm) vs. frequency (Symbol) is fitted using 
the (a) Arrhenius law, (b) VRH model for x = 0.3 – 0.7.  
 
We have calculated the activation energy of the samples from the above fits using 




 [149] and they are shown in Fig. 3.36. The Eρ and Ed 
denote the hopping energies, calculated from the linear VRH fit to the dc resistivity and 
dielectric relaxation peaks, respectively. Note that, the Eρ and Ed are calculated at T = 125 
K. Interestingly, the hopping energies at T = 125 K are found to be comparable. A small 
difference between Eρ and Ed is due to the fact that the fitting temperature regions in dc 





resistivity and dielectric relaxation are different. For example, dielectric relaxation in x = 
0.4 occurs in the temperature range T = 60-120 K, whereas the VRH model fits to the dc 
resistivity data in the temperature range T = 100-190 K. Similar composition dependence 
of activation energies were observed in La1-xCaxMnO3 (x = 0-0.15) [143]. The increase in 
activation energy with increasing doping concentration indicates increase in localization 
tendency of the charge carriers in the compounds. Hence, the origin of large dielectric 
constant and dielectric relaxation behavior in the samples is suggested to intrinsic effects 
and is caused by variable range hopping of localized charge carriers. The Ed of our 
samples are found in the range 0.05-0.12 eV, which is much smaller than the Ed ~ 0.9 eV 
of a typical ferroelectric and dielectric material such as Pb(Zr0.2Ti0.8)O3 [150]. Hence, 
ferroelectricity does not contribute to the observed large dielectric constant in the 
samples.    
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Fig.3.36: The activation energies of dc resistivity (E) and dielectric relaxation (Ed) 
are plotted as a function of composition at T = 125 K.  
 





Another interesting feature appeared in the ε'(T) of x = 0.3 sample, which showd a 
strong frequency dependence of ε' at T = 10 K and a peak below its TC. Similar behavior 
in ε' was observed earlier in La0.875Sr0.125MnO3 and was suggested to nanoscale charge 
and spin inhomogeneities in the percolation regime of phase separation [151]. It is shown 
that the ground state of x = 0.3 sample is a phase separated state and the conduction in 
this region occurs through percolation. Hence, the phase separation is suggested to the 
origin of such unusual dielectric behavior in x = 0.3. The phase separation does not exist 
and the magnetic ground state transforms into a charge-ordered antiferromagnetic state 
for x > 0.3. However, the ε'(T) still shows decrease in magnitude with increasing 
temperature above the step for x = 0.35 and 0.4. The origin of such decrease in ε'(T) in x 
= 0.35 and 0.4 may not be caused by phase separation and further investigation is 
required to understand this behavior.    
3.4 Conclusions 
Important results obtained in this chapter are summarized as follows: 
1. Bi substitution at the A-site transforms the ferromagnetic metal (x=0) to charge-
ordered antiferromagnetic insulator (x=0.7), although the variation in ionic radii 
and disorder at the A-site are very small. 
2. The compound x = 0.3, which is at the bicritical point, shows first-order 
paramagnetic to ferromagnetic transition, field-induced metamagnetic transition 
in the paramagnetic state, field-induced metal-insulator transition and a colossal 
magnetoresistance state below 100 K. Such unusual behavior in x = 0.3 is 
suggested to the existence of phase separation in the compound. The conduction 





process at low temperature occur via percolative transport, which is suggested to 
the cause of huge residual resistivity in the metallic state at T = 20 K.   
3. A large value of magnetic entropy change ( MS = 5.02 J/kg K) occurs in x = 
0.05 in the series at its TC and it decreases with increasing x. However, the x = 0.3 
compound shows a significant value of magnetic entropy change ( MS = 3.1 
J/kg K) over a wide temperature range (~ 50 K) between TCO and TC. In addition, 
this compound also shows a large refrigeration capacity (RC = 279 J/kg), which is 
desirable for practical applications as magnetic refrigerant material. It is 
suggested that harnessing competition between ferromagnetic spin ordering and 
charge-orbital correlations may provide a strategy to enhance RC over a wide 
temperature range. 
4. A large ac magnetoresistance (-R/R = 24.3% at f = 5 MHz in x = 0.1 and 8.3% at 
f = 10 MHz in x = 0.2) is found around the TC in a small magnetic field of H = 500 
Oe. In contrast, dc magnetoresistance is less than 1% at this field strength and 
same temperature. Furthermore, while the ac magnetoresistance at high 
frequencies decreases gradually with lowering temperature, the dc 
magnetoresistance increases gradually with lowering temperature. Such 
contrasting behavior in dc and ac magnetoresistance indicates that the mechanism 
other than spin polarized tunneling contributes to the ac magnetoresistance.  
5. It is suggested that the observed large ac magnetoresistance in the present 
compounds is caused by the suppression of the transverse magnetic permeability 
under dc magnetic field around the TC which increases the skin depth for current 





distribution. While domain wall oscillation and domain magnetization rotation 
contributes to the permeability at low frequencies, the domain magnetization 
rotation contributes to the permeability at higher frequencies. 
6. A large dielectric constant is found for all the insulating compounds (0.3 ≤ x ≤ 
0.7) in the series. The compounds with x > 0.3 show a step-like increase in 
dielectric constant at low temperature, which is accompanied by a peak in the 
dielectric loss tangent and they shift towards high temperature with increasing 
frequency. It is suggested that the huge dielectric constant and dielectric 
relaxation in these compounds are caused by the variable range hopping of 
localized charge carriers. In contrast to the step-like increase in ε' for x > 0.3, the x 
= 0.3 compound shows a peak in ε' at low temperature. More importantly, the 
magnitude of ε' at the lowest temperature decreases drastically with increasing 
frequency. Such unusual dielectric behavior in x = 0.3 is suggested to phase 
separation at low temperature.  
 










In chapter 3, we discussed the effects of Bi doping at the A-site in La0.7Sr0.3MnO3. 
In this chapter, we investigate the effect of Fe doping at the B-site in the same 





 ions and affects the ferromagnetic Zener’s double 
exchange interaction more severely than the A-site doping. For example, in La0.7Sr0.3Mn1-
xMxO3 (M = Al, Ti, Co, Cr, Fe, etc.), the B-site substitution suppresses the ferromagnetic 
metallic state (x=0) and induces a spin glass or cluster glass insulating state for all 
magnetic and non-magnetic ions [152,153,154,155]. This is due to the fact that, the B-site 





 ratio, which in turn affects the ferromagnetism and conductivity of 
the material. The electrical and magnetic states are further modified by the mixed valence 
state of a few doped ions and also by self magnetic interactions. Fig. 4.1(a)-(b) shows the 
variation of TC with ionic radii (<rB>) and disorder (ζB
2
) at B-site, respectively in the 
La0.7Sr0.3Mn1-xMxO3 system. Note that the values of TC for different compounds are 
extracted from previous reports [156,157,158,159,160]. It shows that the TC decreases for 
all magnetic and non-magnetic dopants. However, the TC does not follow a particular 
trend with ionic radii and disorder, unlike A-site disorder effect in the same system. 
Furthermore, the reduction in TC is larger in case of Fe
3+
 ions than other dopants. Note 
that, the <rB> and ζB
2
 remain constant for Fe
3+ 
dopant. It was suggested that the rate of 
reduction of TC depends mainly on type of interactions present in the system which in 











interact antiferromagnetically with itself and Mn
3+
































) ions via ferromagnetic 
superexchange interaction [156,161]. It is to be noted that, the mixed valence state of Co 







interact ferromagnetically with Mn
3+
 ions and antiferromagnetically with itself and Mn
4+
 
ions [161]. Hence, the presence of only antiferromagnetic interactions and stable 
electronic configuration of Fe
3+ 
leads to a large reduction of TC compared to the mixed 
interactions present in other magnetic dopants. In contrast to the magnetic dopants, the 






 at the Mn site also reduce 
the TC, which was suggested to the magnetic dilution or disorder effect.  



























































Fig.4.1: The ferromagnetic Curie temperature (TC) is plotted as a function of (a) 
ionic radii (<rB>) and  (b) disorder ( B
2
) at the B-site. 
 




In this work, we have chosen Fe as the B-site dopant. Since both Fe
3+
 ion and 
Mn
3+
 ion have same ionic radii ( 3 3Mn Fer r    0.645 Å), lattice distortion is not 
expected to be very serious. However, Mössbauer spectroscopy study on Fe doped 
compounds confirmed that it does induce local lattice distortion without altering the 
structure of the parent compound.
2
 Earlier reports on dc electrical and magnetic 





transforms ferromagnetic metal (x=0) to spin glass insulator for x = 0.2-0.4. There are no 
reports available on higher doped compositions. Here, our main focus is to study the ac 
transport and magnetocaloric properties for ferromagnetic metals (x ≤ 0.2) and dielectric 
properties for insulators (x ≥ 0.3).  
4.2 Experimental Details 
Polycrystalline La0.7Sr0.3Mn1-xFexO3 (0 ≤ x ≤ 1) samples were prepared by the 
standard solid state route from high pure (> 99.9% purity) La2O3, SrCO3, Fe2O3, and 
Mn2O3 precursor compounds. After preheating La2O3 at 900 ºC for 8 hours,  powders of 
La2O3, SrCO3, Fe2O3 and Mn2O3 were weighed in appropriate  mole proportions, 
thoroughly mixed and calcinated at 900 ºC for 20 hours. After regrinding and heating the 
powder at 1050 ºC for 20 hours two times, final sintering in the form of pellet was carried 
out at 1200 ºC for 20 hours. The obtained samples were characterized by X-ray 
diffraction at room temperature. Four-probe dc resistivity and magnetization as a function 
of temperature (T = 400 K-10 K) and magnetic field were measured using PPMS and 
VSM. Four probe impedance (Z = R+iX) measurements as a function of temperature and 
magnetic field were carried out on rectangular shaped samples (x ≤ 0.15) using a PPMS 
and an Agilent 4285A LCR meter with a constant ac current of Irms = 5 mA in the 




frequency range f = 0.1-20 MHz. The dielectric measurements on rectangular shaped 
samples (x ≥ 0.3) were carried out in two probe configuration with a constant voltage 
source of Vrms = 50 mV using an Agilent 4285A rf LCR meter and a closed cycle cryostat 
(Janis model CCS-100/202) in the frequency range, f = 0.1 – 5 MHz.  
4.3 Results and Discussions: 
4.3.1 Structural Characterization: 
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Fig.4.2: (a) X-ray diffraction pattern of La0.7Sr0.3Mn1-xFexO3 (x = 0-1) at room 
temperature  
 
The X-ray diffraction patterns of La0.7Sr0.3Mn1-xFexO3 (x = 0-1) at room temperature 
are shown in Fig. 4.2 and single phase is confirmed. All the compositions belong to 
rhombohedral structure with 3R cr  space group. We have shown the Rietveld refinement 
fit for x = 0.1 and 1 in Figs. 4.3(a)-(b), respectively. The prominent peaks of x = 0.1 and 1 




are indexed by miller indices (hkl) in accordance with earlier report of x = 0 [162]. The 
variation of unit cell parameters and unit cell volume as a function of composition is 
shown on the left and right scales of the inset of Fig. 4.3(a). Both the unit cell parameter 
and volume increases smoothly with increasing Fe concentration until x = 0.7 and then 
decrease for x = 0.1. However, the difference between the maximum change in unit cell 
parameter and volume is very small. Such a small change in unit cell parameter and 




 ( 3Mnr   = 3Fer   = 0.645 Å) 
[101].  











































Fig.4.3: Rietveld refinement fit for (a) x = 0.1 and (b) x = 1. Inset shows the variation 


















































T (K)  
Fig.4.4: Temperature dependence of magnetization for (a) 0 ≤ x ≤ 0.2 under H = 100 
Oe, (b) 0.3 ≤ x ≤ 1under H = 1 kOe in FC and ZFC mode.   
 
Fig. 4.4(a) shows the temperature dependence of the dc magnetization, M(T), for 
La0.7Sr0.3Mn1-xFexO3 (0 ≤ x ≤ 0.3) measured under H = 100 Oe in field cooled (FC) and 
zero field cooled (ZFC) mode. In ZFC mode, the sample is cooled from above TC to 10 K 
in zero field and the magnetization is measured under H = 100 Oe during warming. In FC 
mode, the sample is cooled from above TC to 10 K under H = 100 Oe and the 
magnetization is measured during warming under the same field strength. The Curie 
temperature (TC) is calculated from the inflection point of the dM dT curve. The M(T) 
shows an abrupt increase at TC  = 365 K in x = 0 indicating the onset of ferromagnetic 
ordering. With increasing x, the TC shifts down in temperature and the magnitude of 
magnetization decreases in magnitude at 10 K. The observed TC are 365, 343, 317, 296, 




260, 180, and 94 K for x = 0, 0.03, 0.05, 0.07, 0.1, 0.15, and 0.2, respectively. While the 
M(T) of  x ≤ 0.1 show reversible magnetization behavior between the ZFC and FC 
modes, an irreversibility in M(T)  is observed for x ≥ 0.15. The M(T) of x = 0.15 in ZFC 
and FC modes are identical at T ≥ TC, but they start to bifurcate just below TC. The 
difference in magnetization increases gradually with lowering temperature. In contrast to 
the M(T) of x = 0.15, the M(T) of x = 0.2 in ZFC mode shows a very low value at T = 10 
K and increases rapidly with increasing temperature and goes through a maximum around 
TC = 94 K. On the other hand, the FC-M(T) of x = 0.2 deviates from the ZFC curve at TC 
and then remains nearly constant with higher value than the ZFC curve. This indicates 
that the sample has transformed into a cluster glass (CG) or spin glass (SG) state [163].  
Since the magnetization of the samples with x ≥ 0.3 are very small compared to x 
= 0.2, we have shown them under H = 1 kOe in Fig. 4.4(b). The M(T) of x = 0.4 is 
omitted from the graph for clarity. The compounds x = 0.3 and 0.5 also show CG or SG 
behavior in magnetization as like x = 0.2. However, the temperature at which the ZFC 
and FC magnetization bifurcates, Tir, shifts towards low temperature with increasing x, 
from x = 0.2 to x = 0.5. The FC-M(T) continues to increase with lowering temperature 
and the irreversibility behavior between ZFC and FC is absent for x > 0.5.  Furthermore, 
the magnitude of magnetization at T = 10 K decreases with increasing x.   
Fig. 4.5 shows the temperature dependence of the inverse susceptibility, -1(T), 
for x = 0.03, 0.05, 0.07, 0.1, 0.15, and 0.2 along with the Curie-Weiss fits 
(1 ( ) )T C   shown in solid lines. We have not shown the data for x = 0 for clarity. 
While  for x ≤ 0.05 is linear in T for T > TC, a deviation from the linearity is observed 
for x ≥ 0.07. The deviation from linearity increases with increasing x and a strong 




deviation is observed for x = 0.2, which is caused by the increase in antiferromagnetic 
interaction in the ferromagnetic state with increase in Fe doping. The paramagnetic Curie 
temperature (p) and effective magnetic moment (Peff) are calculated from the C-W fit and 
are shown in Table 4.1 along with the Curie temperature (TC), saturation magnetization 
(Ms) and effective magnetic moment (theory).  
























Fig.4.5: Temperature dependent inverse magnetic susceptibility (χ-1(T)) curves 
(close symbol) for x = 0.03, 0.05, 0.07, 0.1, 0.15, and 0.2 along with their Curie-Weiss 
fits (solid lines).  
 















































Table 4.1: The Curie temperature (TC), paramagnetic Curie temperature (p), 
effective magnetic moment (Peff) (expt. and theory) saturation magnetization (Ms) 






















































Fig.4.6: Field dependent magnetization of La0.7Sr0.3Mn1-xFexO3 for (a) 0 ≤ x ≤ 0.3, (b) 
0.3 ≤ x ≤ 1. Inset in (b) shows the Coercive field (Hc) as a function of composition. 
 
Fig. 4.6 shows M(H) at T =  10 K in ZFC mode for (a) 0 ≤ x ≤ 0.3, (b) 0.3 ≤ x ≤ 1. 
We have not included the data for x = 0.03 and 0.07 for clarity. The samples with 0 ≤ x ≤ 
0.15 are long range ferromagnets as indicated by the rapid increase of M(H) at low fields 
and approach to saturation at the highest field and also by the ZFC-M(T). However, the 
M(H) of x = 0.2 increases rapidly for low field and then increases gradually with further 




increase in field and does not saturate even at 5 T field. The ferromagnetic component is 
greatly suppressed in compounds with x ≥ 0.3, which also do not show saturation at the 
highest field. The large decrease in M(5 T) between x = 0.15 and 0.2 and also between 
0.2 and 0.3 is noteworthy and it suggests increasing competition from antiferromagnetic 
interaction. The compounds with x ≥ 0.2 show small hysteresis in the field sweep 
compared to x ≤ 0.3 and the width of the hysteresis increases with increasing x. The 
coercive field (HC) is very small for x = 0.2, but it increases with increasing x and reaches 
HC = 3 kOe for x = 1 (see the inset of Fig. 4.6(b)).  
4.3.3 Dc electrical resistivity and magnetotransport properties 
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Fig.4.7: Temperature dependence of the dc resistivity (ρ (T)) of La0.7Sr0.3Mn1-xFexO3 
(x = 0-1) in zero field. Inset shows activation energy as a function of Bi content (x), 
which is calculated from the Polaron model fit to the zero field dc resistivity data in 
the high temperature region.   
 




The main panel of Fig. 4.7 shows the temperature dependence of the dc resistivity 
(ρ) in zero field for all the compositions (x = 0-1). We have not shown the ρ(T) data for x 
= 0, 0.03 and 0.07 for clarity. The compounds with 0.05 ≤ x ≤ 0.15 undergo temperature 
driven insulator-metal (IM) transition with a peak in the resistivity at T = TIM, which 
shifts down in temperature with increasing x. The IM transition is absent for x ≥ 0.2. Note 
that, the resistivity of the compounds with x ≥ 0.2 could not be measured until the lowest 
temperature because its magnitude exceeds the measurable limit of the instrument below 
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T (K)  
Fig.4.8: Temperature dependent resistivity for (a) x = 0.05, (b) 0.1, (c) 0.15 and (d) 
0.2 and 0.3 under 0H = 0, 3, and 7 T.  
 
Fig. 4.8(a)-(d) shows the ρ(T for (a) x = 0.05, (b) 0.1, (c) 0.15, and (d) 0.2 and 
0.3, respectively under H = 0, 3, and 7 T. The arrows indicate TC obtained from the 




magnetic measurement. The samples with x = 0.05 shows a peak very close to TC and a 
weak hump around 245 K. The hump is more pronounced in x = 0.1, which occurs 
around 220 K. While the position of the resistivity peak around the TC shift to high 
temperature with increasing field, the position of the hump much below TC is not much 
affected by magnetic field. In contrast to the ρ(T, 0 Oeof x =, the x = 0.15 sample 
shows a small anomaly at TC but exhibits a peak around TIM = 115 K and a minimum 
around 50 K. While the anomaly around the TC is disappeared under magnetic field, the 
peak at TIM and the low temperature minimum decrease in magnitude. However, their 
positions remain unaffected under the magnetic field. Finally, the ground state of x = 0.2 
sample transforms into an insulating state and no IM transition is observed even under 
magnetic field, although ρ(Tbelow 100 K decreases in magnitude under the magnetic 
field.he ρ(T, 0 Oefor x = 0.3 shows similar behavior to that of x = 0.2 and is not 
affected by the magnetic field.  
Fig. 4.9 shows the magnetoresistance (MR), ∆R/R (%) = [R (7 T)-R (0 T)]/R (0 T)] 
× 100, for x = 0.05, 0.1, 0.15, and 0.2. The MR of the compounds with x ≤ 0.15 show a 
peak around their respective TC’s and it increase with lowering temperature below TC. 
Furthermore, the MR of x = 0.1 and 0.15 samples also shows a peak around TIM ≤ TC. 
However, the MR of x = 0.2 initially increases, shows a rapid increase below 250 K and 
then reaches almost 100% below 90 K. The maximum value of the MR at TC increases 
with increasing x, i.e. MR = 29.7%, 51.2%, 70.5% and 99%for x = 0.05, 0.1, 0.15 and 0.2, 
respectively. 
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Fig.4.9: Temperature dependence of MR for x = 0.05, 0.1, 0.15 and 0.2 at ∆H = 7 T. 
 
4.3.4 Magnetocaloric properties of x ≤ 0.2 
Fig. 4.10 shows the magnetization isotherms for (a) x = 0.05, (b) 0.15 and (c) 0.2. 
The M(H) data are not shown for x = 0.1, since the curves are similar to those of x = 0.05. 
The neighboring M(H) curves for all these samples differ by 10 K for clarity. The x = 
0.05 sample shows a typical ferromagnetic behavior (a rapid increase at low fields 
followed by approach to saturation at high fields) below TC and paramagnetic behavior 
above TC. Although the x = 0.15 sample shows similar behavior as x = 0.05, the approach 
to saturation at higher fields below TC is rather slow compared to x = 0.05. The increase 
in magnetization at higher fields decreases further for x = 0.2 below TC and it does not 
saturate even at 5 T field. 
 






































Fig.4.10: Magnetization isotherms for (a) x = 0.05, (b) 0.15 and (c) 0.2 at selected 
temperature ranges around the TC. The consecutive magnetization curves differ by 
10 K.   
 
The Arrott plots (H/M vs M
2
 or 1/vs M2) are generally used to determine order 
of the magnetic phase transitions [164,165].  In a simple paramagnetic to ferromagnetic 
transition, the linear fit to the high M
2
 data of the Arrott plot intercepts on the ordinate 
(1/) at zero for  T = TC, since  by definition 1/= 0 at TC. The existence of spontaneous 
magnetization is inferred from a rapid increase of M
2
 at near the origin of the ordinate, 
i.e., at very low H/M value.  Furthermore the samples exhibiting second-order phase 
transition show a positive slope at all points of M
2
 in the Arrott plot, at and below TC, 
whereas samples exhibiting first-order phase transition show a negative slope for certain 
range of M
2
 values [166]. The coefficient of M
3
 term in the magnetic equation of state H 




= AM + BM
3
 is expected to be negative for first order phase transition. We have shown 
the Arrott plot for x = 0.07, 0.10, and 0.20 in figs. 4.11 (a)-(c), respectively. The 
consecutive curves differ by 5 K interval. The Arrott plots of x = 0.07 and 0.1 samples 
show positive slope (B) at all the temperature and magnetic fields and thus suggest a 
second order para- to ferromagnetic transition. Interestingly, the TC estimated from the 
MT curves and the Arrott plots of these samples are close to each other. In contrast to 
the Arrot plots for x = 0.1, the x = 0.2 sample shows a small spontaneous magnetization 
(M
2
 intercept). The Arott plot of  x = 0.2 sample resembles those of cluster-glass samples 
which have short range ferromagnetic interactions as seen in  (Fe0.7Mn0.3)0.75P15C10 
















































Fig.4.11: The Arrott plots (H/M vs. M
2
) for (a) x = 0.07, (b) 0.1 and (c) 0.2 samples 
around their respective TC. The consecutive curves differ by 5 K intervals.  
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Fig.4.12: The temperature dependence of magnetic entropy change (-ΔSm) for (a) x = 
0.05, (b) 0.07, and (c) 0.1 under μ0H = 1, 3 and 5 T. 
 
The temperature dependence of Sm of the samples with 0.05 ≤ x ≤ 0.2 are shown 
in Figs. 4.12 and 4.13 over a wide temperature range around their respective TC under H 
=  1, 3 and 5 T. The Sm for these samples show a broad maximum around their 
respective TC. While the magnitude of Sm peak increases with increasing field, the 
position of the peak shifted slightly to higher temperature. Among the compositions, the x 




 for ∆H = 5 T), which is 





[168] but almost double the value of x = 0 reported by others [169,170]. The magnitude 




of Sm decreases with increasing Fe substitution at a particular field. The maximum 




for x = 0.05, 0.07, 0.10, 
0.15 and 0.20 samples at 343, 297, 259, 182, 127 and 107 K, respectively. The value of 
Sm for ∆H = 2 and 5 T are listed in Table 4.2 along with some related compounds [171] 
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Fig.4.13: The temperature dependence of magnetic entropy change (-ΔSm) for (a) x = 
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Table 4.2: The list of ΔSm values for H = 2 T and 5 T in La0.7Sr0.3Mn1-xFexO3 (x= 
0.05, 0.07, 0.10, 0.15, & 0.20) and the related compounds along with their TC. The 
magnetic fields different from the above values are given in brackets. Dashed lines 
indicate that data are not available. 
 
 























































Fig.4.14: Composition dependence of TC, TFWHM and RCP (right ordinate) for x ≤ 
0.2. The inset shows magnetic field dependence RCP for all the samples. 
 
Apart from Sm, the relative cooling power (RCP) is also an important parameter 
to determine the quality of magnetic refrigerant material. It estimates the quantity of heat 
transfer between hot (Thot) and cold (Tcold) ends during one refrigeration cycle and is the 
area under the Sm versus T curve between two temperatures (T= Thot-Tcold) of the full-
width at half- maximum (FWHM) of the curve and is defined as RCP = Sm ×T. The 
main panel of Fig. 4.14 shows the variations of TC, RCP under H = 5 T and T as a 
function of composition. While the TC decreases, the T increases with increasing x. 
However, the RCP value increases with increasing x, shows a maximum value of 253 
J/kg for x = 0.15 and then decreases. The RCP and the TFWFM of these compounds under 
μ0H = 2 T and 5 T are listed in Table 4.3. Among all the samples, the x = 0.2 sample 
shows highest TFWFM of 98 and 130 K under 2 and 5 T fields, respectively. The inset of 




Fig. 4.4 shows the RCP as a function of magnetic field, which shows that the RCP value 
increases linearly with increasing magnetic field for all x.  
























































































Table 4.3. The list of RCP and operating temperature range (T (K)) values under 2 
T and 5 T magnetic field for the La0.7Sr0.3Mn1-xFexO3 (x= 0.05, 0.07, 0.10, 0.15, & 
0.20) and the related compounds. Dashed lines indicate that the data are not 
available.  
 
The gradual decrease of TC and Ms with increase of Fe doping indicates 
weakening of the double exchange ferromagnetic interactions in the parent compound. 




















) ion reduces the number of 
available hopping site, decreases the eg electron density and increase the 
antiferromagnetic superexchange interactions with their neighboring Mn and Fe ions in 
the compound [174]. The antiferromagnetic interactions compete with ferromagnetic 
interactions in the Fe-substituted compounds and hence both Ms and TC decrease. 
Nevertheless, our magnetization data suggest that the long range ferromagnetic order is 
maintained up to x = 0.1 but it dramatically changes to short-range ferromagnetic order 
for x = 0.2, which is in agreement with the Mossbauer spectroscopy and neutron 
diffraction study reported earlier in a similar compound La0.7Sr0.3Mn1-xPbxO3 with x ≤ 0.3 
[175]. Both the short range FM and AFM clusters are possibly present in our Fe doped 
compounds with 0.2 ≤ x ≤ 0.5, which lead to SG behavior at low temperature. This is also 
the possible cause for the hysteresis in field sweep in higher doped compounds.  
As the magnetic inhomogeneity increases with Fe content, the magnetic entropy 
change (Sm) decreases in magnitude and spreads over a wide temperature range around 
their TC’s. In the series, the compound x = 0.07 shows the large magnetic entropy change, 
significant RCP around room temperature and negligible hysteresis in thermal and 
magnetic cycles, which is a potential candidate for magnetic refrigeration for room 
temperature applications. It is interesting to compare the MCE values of the compounds 
with Fe and other B-site dopants. Md. A. Choudhury et al [176] studied MCE in 
La0.7Sr0.3Mn1-xNixO3 (0 ≤ x ≤0.05) and found a maximum entropy change of 3.54 J/kg K 
at T = 350 K for ∆H = 13. 5 kOe in x = 0.02 sample. M. H. Phan et al [177] also studied 
the same sample and found a large value of -7.65 J/kgK for H = 7 T. A large 
magnetocaloric effect (Sm = 5.5 J/kg K for H = 1 T) was also found in 




La0.7Sr0.3Mn0.9Cu0.1O3 [178].  All these studies indicate that MCE is enhanced in lower 
doped compositions, irrespective of the magnetic nature of the dopant. The MCE is 
reduced in higher doped compositions due to the increase in antiferromagetic interaction 
in the ferromagnetic matrix.   
In lanthanum based manganites, the observed temperature dependence of 
magnetic entropy change have been fitted with models based on Weiss molecular mean 
field theory [179] or Landau theory of phase transition [180]. It was found that, the 
Landau’s theory fits the Sm(T)  data very closely. Hence, we have attempted to fit the 






G T M G AM BM MH                                                         (4.1) 
where A, B are temperature dependent coefficients and G is the Gibb’s free energy. Note 
that, the coefficient B includes elastic and magnetoelastic terms. By differentiation of the 
above equation with respect to temperature and assuming the equilibrium condition of 






), we obtained the expression for the magnetic entropy 
change as follows: 
                     








                                              
     (4.2) 
The A and B parameters are obtained from the linear fit to high M
2
 data of Arrott plots 
and are shown in inset of Fig. 4.15. The A coefficient varies from positive to negative 
through zero at TC. The B coefficient is positive and it goes through a minimum at just 
above the TC. For a simple ferromagnet, B is a positive constant and -Sm is expected to 
show a narrow peak at TC. The variation of B with temperature implies a substantial 




temperature dependent contributions from magnetoelastic coupling is also present in the 
sample (x = 0.07). The Sm(T) is calculated theoretically using equations (4.1) and (4.2) 
and is shown in Fig. 4.15. (solid line) along with experimental data under μ0H= 5 T (solid 
circles). It shows that the theoretical curve fits nicely with the experimental data and 
hence Landau’s model is verified in this compound.   
























































Fig.4.15: Temperature dependence of ΔSm of the x = 0.07 sample along with 
theoretical curve (solid line). Inset shows the temperature dependence of A (left) and 




4.3.5 Magnetoimpedance properties of x ≤ 0.15.  
Figures 4.16(a)-(f) show the temperature dependence of the impedance, Z(T), at f 
= 100 kHz, 1, 5, 10, 15 and 20 MHz under  a magnetic field of H = 0, 300, 500, 700 Oe 
and 1 kOe.  Upon lowering temperature, the Z(T, H = 0 Oe) at f = 100 kHz initially 
increases and goes through a peak around 327.5 K and then decreases with further 
lowering temperature. In contrast to the Z (T) at f = 100 kHz, the Z (T) at f = 1 MHz 
shows an abrupt increase at T =TC = 317 K followed by a peak close by and then 




decreases with lowering temperature. A similar behavior in Z(T) is also seen at f = 5 and 
10 MHz. It is to be noted that the magnitude of the peak in Z(T,  0 Oe) increases with 
increasing frequency. While Z(T, H = 0) shows an abrupt increase at T = 317 K even at f 
= 15 and 20 MHz, the Z(T) below TC decreases at a slower rate with decreasing 
temperature compared to the Z(T)for f ≤ 10 MHz . Hence, the peak in Z(T, H = 0 Oe)  
appears to be more rounded at f = 15 and 20 MHz. The temperature dependence of Z(T, H 
















































Fig.4.16. Temperature dependence of the ac impedance (Z) of x = 0.05 under 
different dc bias fields (Hdc = 0 – 1 kOe) at selected frequencies of ac current passing 
through the sample, (a) f = 100 kHz, (b) 1 MHz, (c) 5 MHz, (d) 10 MHz, (e) 15 MHz 
and (f) 20 MHz.   
 
Now let us consider the effect of low dc magnetic field on the impedance. While 
the applied magnetic field (H = 300 Oe – 1 kOe) has negligible effect on the impedance 




at f = 100 kHz, the impedance peaks at f = 1, 5 and 10 MHz decrease in magnitude, 
broaden and shift down in temperature with increasing strength of H. The dramatic 
decrease of the impedance for H = 300 Oe is noteworthy. The magnetic field has the 
largest influence on Z(T) around the TC, but its influence on Z decreases as T decreases 
below 200 K. The applied magnetic field has no visible impact on the impedance above 
TC. Similar behaviors are also seen for f > 10 MHz. However, it is to be noted that there 
is a tendency of Z(T) curve for H = 300 Oe to overshoot the zero field curve for f  ≥ 15 















































T (K)  
Fig.4.17. Temperature dependence of the ac impedance (Z) of x = 0.1 under different 
dc bias fields (Hdc = 0 – 1 kOe) at selected frequencies of ac current passing through 
the sample, (a) f = 100 kHz, (b) 1 MHz, (c) 5 MHz, (d) 10 MHz, (e) 15 MHz and (f) 
20 MHz.   
 
Figures 4.17(a)-(f) show the Z(T) of x = 0.1 at f = 100 kHz, 1, 5, 10, 15, and 20 
MHz, respectively under H = 0, 300, 500, 700 Oe and 1 kOe. The behavior of Z(T, 0 Oe) 
at f = 100 kHz is identical to the dc resistivity i.e. a peak around TC and a hump around 
204 K. However, Z(T, 0 Oe) at f = 1 MHz increases abruptly at TC, exhibits a peak close 




to it and then decreases as seen in x = 0.05 sample. Because of the rapid increase at TC, 
the hump around 204 K becomes less prominent for f = 1 MHz. The peak value of the 
impedance in zero field increases with increasing frequency similar to x = 0.05. While the 
applied magnetic field (H = 300 Oe – 1 kOe) has negligible effect on the impedance at f = 
100 kHz, the peak is suppressed under H = 300 Oe at f = 1 MHz which makes the hump 
to reappear. With further increasing in H, the position of the hump is not affected which 
suggests that its origin is not related to magnetic phase transition but possibly connected 
with changes in electrical properties of grain boundaries. The magnitude of the jump in 
Z(T, 0 Oe) around TC is much larger when f = 5 MHz and the impedance peak decreases 
in magnitude, broadens and shifts to low in temperature with increasing strength of H. 
The hump found in Z(T) at 1 MHZ below the main peak is visible neither in zero nor 
under the magnetic field at f = 5MHz. A similar behavior in Z(T, H) is also seen for f ≥ 5 
MHz. However, the Z(T) decreases at a slower rate with increasing frequency below the 
TC.  
Fig. 4.18(a)-(f) show Z (T, H) of x = 0.15 at f = 100 kHz, 1, 5, 10, 15 and 20 MHz 
respectively. The Z(T, 0 Oe) at f = 100 kHz and 1 MHz show a prominent peak around 
TIM = 115 K and a minimum around 50 K. The value of the impedance is hardly affected 
by small dc magnetic fields used. The Z(T, H = 0 Oe) shows a small increase at TC = 180 
K when f = 5 MHz and it is suppressed under the dc magnetic field. The magnitude of the 
jump in Z(T, H = 0 Oe) around the TC increases with increasing frequency. Interestingly, 
the maximum at the TIM for f ≤ 15 MHz transforms into a minimum for f ≥ 15 MHz. 
Although the peak around the TC decreases in magnitude, broadens and shifts down in 




temperature with increasing field for f ≥ 15 MHz, the minimum around the TIM decreases 



















































Fig.4.18: Temperature dependence of the ac impedance (Z) of x = 0.15 under 
different dc bias fields (Hdc = 0 – 1 kOe) at (a) f = 100 kHz, (b) 1 MHz, (c) 5 MHz, (d) 
10 MHz, (e) 15 MHz and (f) 20 MHz.   
 
Figure 4.19(a) shows the temperature dependence of the percentage change in the 
magnetoimpedance ΔZ/Z(%) = 100 × [Z(H)-Z(0)]/ Z(0)) for x = 0.05 under ΔH = 500 Oe. 
The -Z/Z is negligible above the TC but shows an abrupt increase at TC followed by a 
peak close to it and then decreases with lowering temperature. The magnitude of the 
maximum increases from 6.9% at f = 100 kHz to the highest value of 21% at f = 1 MHz 
and then decreases gradually with further increase in frequency. The magnetoimpedance 
value is very small below 250 K for all the frequencies. The temperature dependence of 
the -Z/Z for x = 0.1 and 0.15 show similar behavior to that of x = 0.05. While the Z/Z 




of x = 0.1 shows a maximum value of ≈ -21% at f = 3 MHz, a maximum value of ≈ -









































x = 0.15 (c)
 
T (K)  
Fig.4.19: Temperature dependence of the ac magnetoimpedance (-ΔZ/Z) of (a) x = 
0.05, (b) 0.1 and (c) 0.15 at different frequencies (f = 100 kHz – 5 MHz) under ΔH = 

















H = 300 Oe













(c) H = 1 kOe
T (K)  
Fig.4.20: Temperature dependence of the magnetoimpedance (-ΔZ/Z) at different 
frequencies (f = 100 kHz – 20 MHz) under (a) ΔH = 300 Oe, (b) 500 Oe, (c) 1 kOe.  




Among the studied compounds, the x = 0.05 compound shows the largest MI in 
low field just above room temperature, which is one of the requirement for practical 
applications. Hence, we have studied the magnetoimpedance properties in x = 0.05 in 
detail. Fig.4.20 shows the temperature dependence of the percentage change in the 
magnetoimpedance, -ΔZ/Z(%) = 100×[Z(0)-Z(H)]/Z(0)) for (a) ΔH = 300 Oe, (b) 500 Oe 
and (c) 1 kOe. The -Z/Z is negligible above TC but exhibits a sharp maximum around TC 
for ΔH = 300 Oe. The magnitude of the maximum increases from ≈ 5% at f = 100 kHz to 
the highest value of 19 % at f = 1 MHz and then decreases, as the frequency increases 
further. The -Z/Z is negligibly small below 250 K for all the frequencies. While the peak 
value of the -Z/Z at f = 1 MHz increases to ≈ 21 % for H = 500 Oe, it shows only a 
small increment (≈ 22 %) for H = 1 kOe. A comparison of Fig. 4.20(a) and 4.20(c) 
suggests that the -Z/Z increases in value at the lowest temperature for ΔH = 500 Oe and 
1 kOe. It has to be noted that, while Z/Z at f = 100 kHz for ΔH = 1 kOe increases with 
lowering temperature below its peak as expected for the dc magnetoresistance due to 
spin-polarized tunneling, it decreases gradually with lowering temperature for f  ≥ 1 
MHz.   
Figure 4.21(a) shows the magnetic field dependence of Z/Z as a function of 
frequency (f = 100 kHz-20 MHz) at room temperature (T = 300 K). The magnetic field 
was swept between H = +1 kOe and -1 kOe. The data are noisy for f = 100 kHz, but -
Z/Z increases in magnitude with increasing magnetic field and reaches  6 % at H = 1 
kOe. In contrast, the -Z/Z at f = 1 MHz shows a rapid increase in magnitude for + 500 
Oe ≤ H ≤ -500 Oe, followed by gradual increase at higher fields. The -Z/Z reaches a 
maximum value of 16.7 % at H = ±1 kOe for f = 1 MHz. The maximum value of -Z/Z 




(i.e. -Z/Z at H = 1 kOe) decreases gradually with increasing frequency above 1 MHz. 
Furthermore, the magnetoimpedance profile changes with increasing frequency. The bell 
shaped curve of -Z/Z for f = 1 MHz is replaced by a valley around the origin (H = 0) and 
it is accompanied by a peak on either side of origin for f > 1 MHz. The position of the 
peaks shifts towards higher magnetic field with increasing frequency. For example, the 




































































Fig.4.21: (a) Magnetic field (H) dependence of the magnetoimpedance (-ΔZ/Z) as a 
function of frequency at T = 300 K. The numbers in the figure indicate frequency of 
ac current in MHZ. (b) H-dependence of the magnetoimpedance (-ΔZ/Z) at selected 
temperatures (T) for  f = 1 MHz, and (c) for f = 20 MHz.  
 
Figure 4.21(b) shows Z/Z versus H at f = 1 MHz as a function of temperature 
(315 K ≤ T ≤ 100 K). The Z/Z at f = 1 MHz exhibits a sharp peak centered about the 




origin at T = 315 K, but the peak broadens and transforms into a plateau with lowering 
temperature. The magnitude of Z/Z at the highest field decreases with lowering 
temperature. In contrast to the Z/Z at f = 1 MHz, the Z/Z at f = 20 MHz and at T = 315 
K exhibits a deep valley at the origin, accompanied by a peak at H = ±150 Oe on either 
side (see Fig. 4.21(c)). Because of the valley at the origin, the sign of Z/Z is positive 
over a certain field range. As the temperature decreases below 315 K, the depth of the 
valley decreases and the peak shifts towards higher field. Finally, the valley changes into 




















































H = 300 Oe
x = 0.05










H = 1 kOe
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Fig.4.22. Left panel: Temperature dependence of the ac impedance (Z) of a coil with 
ten turns surrounding the sample at (a) f = 100 kHz, (b) f = 1 MHz, (c) f = 20 MHz 
under different dc bias fields (Hdc = 0 – 1 kOe). Right panel:  ∆Z/Z for (d) ΔH = 300 
Oe, (e) 500 Oe, (f) 1 kOe. 
 
Next, we show the effect of magnetic field on the impedance of a ten turn coil 
surrounding the sample instead of measuring the impedance of the sample itself. Fig. 
4.22(a)-(c) show the impedance of the coil under different dc magnetic fields at selected 




frequencies (f = 100 kHz, 1 MHz and 20 MHz). The Z(T) in zero field shows an abrupt 
increase at TC as expected. The peak becomes smeared, decreases in magnitude and shifts 
down in temperature with increasing strength of the dc magnetic field, similar to the Z(T, 
H) behavior shown in Fig. 4.21. The suppression of the rapid increase of Z(T) around the 
TC under a magnetic field leads to emergence of a new peak of smaller magnitude at TC 
which shifts upward in temperature with increasing strength of H. The upward shift is 
only 2 K for H = 1 kOe at f = 1MHz compared to a rapid shift of the low temperature 
maximum. The upward shift of smaller amplitude peak is related to suppression of the 
critical fluctuations [181].  
 Fig. 4.22(d)-(f) show Z/Z for H = 300, 500, and 1 kOe, respectively. The -
ΔZ/Z for H = 300 Oe is negligible above the TC but exhibits a sharp peak around TC. The -
ΔZ/Z at the peak is 52.3% for H = 300 Oe and f = 100 kHz. It increases to 60.8% for f = 1 
MHz and then decreases to 58 % for f = 20 MHz. The peak broadens for ΔH = 500 Oe 
and the magnitude of Z/Z at the lowest temperature also increases. When ΔH = 1 kOe, 
ΔZ/Z is weakly dependent on temperature below the TC. The -ΔZ/Z at TC increases from 
60.8% for ΔH = 300 Oe to 65.9% for ΔH = 500 Oe to 67.4% for ΔH = 1 kOe at f = 1 
MHz. The MI of the coil surrounding the sample is obviously much higher than that of 
sample by passing rf current directly through it. Hence, a huge value of 
magnetoimpedance reported for nanometric grain size of La0.7S0.3MnO3 is not surprising 
[182,183].  
For sensor applications, the sensitivity i.e., d(ΔZ/Z)/dH will be important in 
addition to the value of magnetoimpedance. We plot the field dependence of d(ΔZ/Z)/dH 
of the sample at different temperatures for f = 1 MHz in Fig. 4.23(a). In this case, the rf 




current pass through the sample directly. The sensitivity at f = 1 MHz shows maximum 
value of 0.096%/Oe around H (Hmax) = ± 203 Oe at T = 315 K. The sensitivity decreases 
in magnitude and the Hmax shifts to higher magnetic field with lowering temperature. The 
temperature dependence of sensitivity and Hmax at f = 1, 5 and 20 MHz are shown on the 











































































Fig.4.23: (a) Magnetic field dependence of sensitivity of x = 0.05 at f = 1 MHz and 
(b) temperature dependence of sensitivity (left scale) and Hmax (right scale) at f = 1, 5 
and 20 MHz, where rf current is passing through the sample directly. (c) Magnetic 
field dependence of sensitivity at f = 20 MHz and (b) temperature dependence of 
sensitivity (left scale) and Hmax (right scale) at f = 1, 5 and 20 MHz of ten turn coil 
tightly wound on the sample.  
 
While the sensitivity decreases, the Hmax increases with lowering temperature 
below 315 K for all frequencies. It is also to be noted that the sensitivity decreases with 
increasing frequency. The observed maximum sensitivity of 0.096 %/Oe at 315 K is 
much smaller than 1%/Oe found at room temperature in nano La0.7Sr0.3MnO3 sample with 
an average particle size of 28 nm[182]. However, magnetoimpedance in ref. 26 was 




measured through change in the impedance of a coil wound around the sample instead of 
measuring the impedance of the sample directly. The similar configuration also leads to a 
larger sensitivity in FeCuNbSiB amorphous ribbon [184]. Hence, we have shown the 
field dependence of d(ΔZ/Z)/dH of a ten turns coil tightly wound around the sample for f 
= 1 MHz in Fig. 4.23(c). The sensitivity of coil wound around the sample leads to 
maximum sensitivity value of 0.41%/Oe around Hmax = ±149 Oe at T = 315 K, which is 
much larger than that found in the same sample without coil. However, the sensitivity in 
both configurations show similar trend in temperature and frequency and is shown on the 
left scale of Fig. 4.23(d) along with the Hmax on the right scale. From the above 
discussions, we conclude that the magnetoimpedance and sensitivity of a coil wound 
around a ferromagnetic sample will always show higher value than the sample with direct 
current passing through it. It is also suggested that although the manganites may not be a 
better sensing element than amorphous ferromagnets for sensing magnetic fields below 
100 Oe, it might be useful for sensing the field in the range H =300 Oe–1 kOe  where 
magnetoimpedance of amorphous or nanocrystalline ferromagnets saturate.  
What is the origin of low field MI in the present compounds?  The smaller value 
of the MI at the lowest temperature compared to its value at the peak around the TC for f ≥ 
1MHz indicates that spin-polarized tunneling between ferromagnetic grains [126] is not 
the major contribution. The observed magnetoimpedance effect can have two possible 
origins. One such origin is connected with the effect of an ac electric field on frequency 
of hopping of eg electrons and second is connected with the penetration of oscillating 
magnetic field inside the sample. We know that the dc resistivity decreases around the TC 
because there exists a strong Hund’s coupling between immobile t2g
3
 core spins of Mn 




ions and electron spin of mobile eg electron of Mn
3+
 ion. According to the Zener’s double 
exchange interaction, scattering reduces and mobility of an eg electron increases if the t2g
3
 
spins on the Mn ions of either side of O
2-
 ions are aligned parallel. When the sample is 
subjected to ac current, eg electron oscillates back and forth with the frequency of ac 
current. Because of the exchange coupling, magnetic moment of t2g
3
 spins can oscillate, 
which leads to scattering of eg electrons and hence the electrical impedance increases 
with increasing frequency in the vicinity of TC for all the compositions. However, 
decrease in thermal energy below TC increases spin wave stiffness which competes with 
the ac current induced oscillation of t2g
3
 moments and hence the impedance decreases 
with lowering temperature much below TC. However, the ac current induced oscillation 
of t2g
3
 moments increases with increasing frequency. Hence, we can expect Z(T) to 
decrease at a slower rate with decreasing temperature at much higher frequency. Just 
below TC, ferromagnetic magnetic domains are formed. While domain wall oscillations 
are important at low frequencies, typically below 100 kHz, they are damped by micro 
eddy currents with increasing frequency. Domain magnetization rotation becomes 
important above a few hundred kilohertz. In the presence of dc magnetic field, angle 
between neighboring magnetic domains decreases which will facilitate easy tunneling eg 
electrons between domains. With increasing field strength, magnetization direction orient 
towards the direction of the magnetic field and hence the impedance peak decreases in 
magnitude and shifts towards lower temperature. Since the Fe-doping weakens 
ferromagnetism, higher frequency is required to induce high value of magnetoimpedance 
for higher doping level of Fe.  In this scenario, skin effect is not important. 




Alternatively, the results can also be understood in terms of the magnetic field 
effect on skin depth. The flow of ac current through the sample creates circular ac 
magnetic field (Hac = μ0I/2r ≈ 0.058 Oe, where the diameter of the circular wire (2r) is 
assumed as the thickness of our sample) and hence the magnetization of the sample also 
oscillates. At low frequencies, the ac magnetic field penetrates throughout the volume of 
the sample. However, as the frequency of the ac current increases, the ac magnetic field 
penetrates only a short distance within the sample, known as the skin depth( = 
(f0t)
0.5
), that is determined by the dc resistivity (), transverse permeability (t) and 
frequency (f) of the rf alternating current. As a result, the ac impedance will change with 
frequency. In classical electrodynamics, the electrical impedance of a semi infinite thin 
metallic film of thickness 2t is written as coth( )dcZ R ikt ikt , where (1 ) /k i   , is the 
wave propagation constant and  is the skin depth. In the weak skin effect limit (>> 2t 
or kt ≪ 1), the Z can be approximated as    
2 4
1 / 3 / 45dcZ R kd kd    
. By neglecting 
the 4
th
 order term, the Z is reduced to  
2 21 3 1 (2 /3)( / )dc dc tZ R kd R t i f         
. 
This expression shows that Z  ∝ t at a constant frequency. If the skin effect is strong 
(<< 2t or kt >> 1), Z becomes,  (1 ) /dcZ R i    or ( , , )tZ f f T H . 
Let’s first discuss the impedance behavior of x = 0.05 in terms of skin effect and 
then we will extend the discussion for x = 0.1 and 0.15 samples. The non-magnetic skin 
depth (taking µt = 1) in x = 0.05 sample is estimated to be δ ≈ 14.2, 4.5, 2, 1.4, 1.16 and 1 
mm at f = 100 kHz, 1, 5, 10, 15 and 20 MHz, respectively. These values are larger than 
the half thickness of the sample (2t/2 = 0.54 mm) at 350 K, i.e. in the paramagnetic state. 
However, the rapid increase of µt at the ferromagnetic transition can cause  to decrease 




below its non magnetic value. There is no report of direct measurement of transverse 
permeability in manganites so far. However, the initial permeability of La0.7Sr0.3MnO3 
was measured in toroidal form and it was found that ~ 85 at f = 1 kHz at 293 K and it 
decreases with decreasing temperature and increasing frequency [185]. Since Fe 
substitution weakens ferromagnetic coupling between the Mn ions, the permeability 
value is expected to be lower in our Fe doped samples. Nevertheless, if we assume μt = 
80 (i.e., μ of La0.7Sr0.3MnO3 at T = 293 K and at f = 100 kHz) for simplification, we 
obtain magnetic skin depth δ ≈ 1.59, 0.5, 0.22, 0.15, 0.13, and 0.11 mm at f = 100 kHz, 1, 
5, 10, 15 and 20 MHz, respectively. While  (f = 100 kHz) is larger than the half 
thickness of the sample, it becomes smaller than 2t/2 for f > 1 MHz. Upon lowering the 
temperatures, t  increases rapidly at  TC  which causes to decrease, which in turn  leads 
to an abrupt increase of Z (T, H = 0 Oe) at TC for f > 1 MHz. However, t is also 
dependent on the frequency. At low frequencies (f ≈ 1-100 kHz) domain wall oscillation 
contributes to the frequency dependence of permeability. Domain wall oscillation is 
damped by micro eddy currents for f ≥ 1MHz and spin rotation within magnetic domain 
(i.e. domain magnetization rotation (DMR)) becomes the major contribution to the 
permeability. Hence, the behavior of Z for f ≥ 1MHz can be understood in terms of DMR 
and skin depth. The decrease in the skin depth with increasing frequency leads to increase 
in the magnitude of the impedance peak in zero field at TC and in the ferromagnetic state 
below TC. As a result, Z(T, H = 0) for f =  15 MHz and 20 MHz  below TC show different 
behavior than that of the data below f = 10 MHz. In the presence of the dc bias magnetic 
field, magnetization of a domain rotates towards the direction of the magnetic field at a 
particular angle which is energetically favorable. With increasing strength of the 




magnetic field, the angle between the direction of the dc magnetic field and the direction 
of magnetization within domain decreases and hence the peak in Z broadens and shifts 
towards low temperature for all frequencies.  
We have noted that Z(T, H = 300 Oe) at f = 15 and 20 MHz has a tendency to 
crossover the zero field curve close to the TC. This results in positive magnetoimpedance 
at low magnetic fields which is clearly reflected in the field sweep. A double peak 
structure in the impedance is generally seen in amorphous wires and ribbons having 
transverse anisotropy (i.e., domains with easy axis perpendicular to the direction of the 
current) [186]. The sign of the MI changes from negative to positive with increasing 
frequency above 1 MHz in many amorphous magnetic alloys. When the applied magnetic 
field overcomes the anisotropy field (Hk), the domain magnetization flips towards the 
direction of the applied dc magnetic field. As a result, the transverse susceptibility 
increases for H < Hk and decreases for H > Hk. Hence, the Z/Z shows a peak around Hk. 
The shift of the peak towards higher field with increasing frequency (see Fig. 4.21(a)) can 
be suggested to the distribution of easy axis. The Hk is small close to the TC and hence it 
is easier for domain magnetization to reorient towards the field direction in few tens of 
Oersted. As the temperature is reduced, the Hk increases and hence the position of the 
peak shifts towards higher field. The amplitude of the peak also decreases with lowering 
temperatures and double peak behavior appears at higher frequencies. Our study also 
shows that the magnetoimpedance measured with a coil wound on the sample is always 
higher than the magnetoimpedance of the sample itself. This can be understood easily. In 
the case of rf current passing through the coil, the rf field is longitudinal and the 
longitudinal permeability is very sensitive to the applied dc magnetic field whereas 




transverse permeability due to circumferential magnetic field is severely affected in the 
case of rf current passing through the sample. In the later case, the induced voltage due to 
flux change should exceed the Ohmic voltage for magnetoimpedance effect to be 
observed.  
The compounds x = 0.1 and 0.15 shows similar magnetoimpedance behavior as that of x 
= 0.05. However, the MI peak shifts up in frequencies with increasing x. Since the 
resistivity of the sample increases and the ferromagnetic interaction is weakened with 
increasing Fe content, the transverse permeability also decreases with increasing x. Hence 
skin depth increases with increasing x at a particular frequency. It is suggested that, 
maximum MI occurs at a frequency at which skin depth is nearly same as the half 
thickness of the sample. As a consequence, higher frequency is needed to induce 
maximum magnetoimpedance for higher doped compound.  
4.3.6 Dielectric properties for x ≥ 0.3 
4.3.6.1 Results 
Figures 4.24(a)-(c) show the temperature dependence of the dielectric constant 
(ε'(T)) for x = 0.3, 0.5 and 1 respectively, at selected radio frequencies (100 kHz – 5 
MHz) measured during warming. Upon warming, the ε'(T) of x = 0.3 at f = 100 kHz 
remains frequency independent up to 30 K, shows a step-like increase and then increases 
slowly. The step-like increase in ε' decreases in magnitude and shifts towards high 
temperature with increasing frequency. The ε'(T) of x = 0.3 also shows a small peak 
around 260 K for f = 100 kHz, but it is not visible at f = 5 MHz. In contrast to the ε'(T) of 
x = 0.3, the ε'(T) of x = 0.5 at f = 100 kHz remains constant up to 100 K, shows a step-
like increase and then increases rapidly with increasing temperature. It also shows a 




shoulder around 260 K, similar as x = 0.3. The ε'(T, f) of x = 0.5 shows similar behavior 
to that of x = 0.3. In contrast to the rapid increase in ε' above the step for x= 0.5, the ε'(T) 
of x = 1 shows a plateau above the step-like increase for all frequencies. While the 
plateau region below the step is independent of temperature and frequency, the step and 
the plateau at higher temperature decrease in magnitude and shift towards high 
temperature with increasing frequency. Note that, the anomaly around 260 K is not 
observed for x = 1. Furthermore, the maximum value of ε' ( '
max ) increases with 
increasing x i.e. '
max = 7050, 7140 and 8680 for x = 0.3, 0.5 and 1 respectively. In 
contrast, the static dielectric constant (ε0) (magnitude of the plateau at low temperature) 
decreases gradually with increasing x (i.e., the ε0 = 64, 39 and 24 for x = 0.3, 0.5 and 1 



























































Fig.4.24: Temperature dependence of dielectric constant (ε') (left side) and dielectric 
loss (ε") (right side) for x = 0.3, 0.5 and 1 (top to bottom) at selected frequencies (f = 
100 kHz-5 MHz).   




 Figures 4.24(d)-(f) show the temperature dependence of the dielectric loss (ε"(T)) 
for x = 0.3, 0.5 and 1 respectively. Upon warming, the ε"(T) of x = 0.3 shows a broad 
maximum around Tp ~ 55 K for f = 100 kHz, which corresponds to the step-like increase 
in ε'(T) at that frequency. The maximum in ε"(T) broadens and shifts towards high 
temperature with increasing frequency, similar to that of step in ε'(T). The ε"(T) of x = 0.5 
shows similar behavior to that of x = 0.3. Unlike x = 0.3 and 0.5, a peak in ε"(T) is clearly 
visible for x = 1 and the peak decreases in magnitude but shifts up in temperature with 
increasing frequency. Figure 4.25(a)-(c) show the temperature dependence of dielectric 
loss tangent (tan) for x = 0.3, 0.5 and 1 respectively at different frequencies. Upon 
warming, the tan shows a peak at all frequencies for all x. The peaks in tan  also 
correspond to the step in the ε' at the respective frequencies of the samples and shift 
toward high temperature with increasing frequency. However, the magnitude of the peak 
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Fig.4.25: Temperature dependence of dielectric loss tangent (tan ) for (a) x = 0.3, 
(b) 0.5 and (c) 1 at selected frequencies.   
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Fig.4.26: Normalized dielectric loss tangent (tan/tanp) vs reduced temperature 
(Tm/T ) is plotted for (a) x = 0.3, (b) 0.5, and (c) 1.   
 
Next, we have plotted normalized dielectric loss tangent (tan/(tan)max) vs 
reduced temperature (Tm/T) for x = 0.3, 0.5 and 1 in figures 4.26(a)-(c) respectively. It is 
found that, tan/(tan)max at different frequencies are merged into a single peak for x = 
0.3, but it deviates from a single curve at lower temperature and frequencies. In contrast, 
tan/(tan)max at different frequencies are merged into a single master curve for x = 0.5 
and 1. This scaling behavior in tan  indicates that, the dielectric relaxation mechanism in 
x = 0.5 and 1 obey Debye relaxation. The deviation of tan/(tan)max from scaling 
behavior for x = 0.3 may be due to the fact that the dielectric relaxation of this sample is 
not completed till the lowest temperature for all frequencies. 
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Fig.4.27: Plot of ln(fε') vs lnf for (a) x = 0.3, (b) 1 at selected temperatures between 
350 K and 40 K, The frequency dependence of real part of ac conductivity (ζ') is 
shown for (c) x = 0.3, (d) 1 at selected temperatures. 
 
Now, we will turn our attention to the frequency dependence of dielectric 
response for selected compositions. As described in chapter 3, the frequency dependence 
of the dielectric response can be described by the Jonscher’s universal dielectric response 
(UDR) model [60], and the equations are written again below.  
 ζ'(f) = ζdc+ζ0f 
s
                                                                                                                 
ζ"(f) = tan(sπ/2)ζ0f 
s
+ε∞ε0f                                                                                               
and ε' = tan(sπ/2)ζ0f 
s-1
/ε0,                                                                                          
where ζ0 and s are temperature dependent constants. The last equation can be simplified 
as f ε' = A(T)×f s or ln(fε') = ln(A(T)) + s×lnf,  where A(T) = tan(sπ/2)ζ0/ε0 is a 
temperature dependent constant. Hence, a straight line with slope s and intercept ln(A(T)) 
should be obtained, if ln(fε') is plotted as a function of lnf at fixed temperatures. Figures 




4.27(a)-(b) show the ln(fε') vs lnf  plot for x = 0.3 and 1 respectively, at selected 
temperatures within the temperature range 300–40 K. First we will discuss the dielectric 
response of x = 0.3. It is shown that, while the data vary linearly with frequency for T > 
200 K, it deviate from linearity for T ≤ 200 K. This deviation of the data from linear 
behavior starts at high frequencies for T = 200 K and it shift towards low frequencies 
with lowering temperature and the data are found to be non-linear even at T = 40 K. 
These results indicate that the linear behavior in this plot is obtained at temperatures 
away from the dielectric relaxation region. Note that, the dielectric relaxation in x = 0.3 
occurs between 30 K and 100 K (see figure 4.25(a)). Similar conclusions can also be 
obtained for x = 1, which show linear behavior for T ≤ 80 K and T ≥ 225 K. The data 
below 80 K are almost overlapping with the data at 80 K. Note that, the observed 
behavior in x = 1 is similar to that observed recently in a non-ferroelectric oxide 
CaCu3Ti4O12 (CCTO) [67]. A straight line fit to the data in the linear region is obtained 
for both samples. The straight line fit at T = 350 K for x = 0.3 yield parameters lnA(T) = 
9.3353 and s = 0.9596. For x = 1, the straight line fit yield parameters lnA(T) = 5.85795, s 
= 0.9987 for T = 350 K and lnA(T) = 3.53, s = 0.9998 for T = 80 K. Substituting the 
values of A(T) and s in the equation (1.29) (first equation of UDR law), we found that, the 
conductivity at T = 350 K decreases with increasing x from x = 0.3 to 1, consistent with 
the dc resistivity data. In addition, we found that, the conductivity decreases by one order 
of magnitude while lowering temperature from 350 K to 80 K for x = 1, which is 
inconsistent with the zero field dc resistivity data. Note that, the dc resistivity increases 
more than four orders of magnitude while lowering temperature from 350 K to 80 K. It is 
suggested that, mechanisms contribute to dc resistivity may be different for low and high 




temperature regions, which is the possible reason for the above contrasting results. This 
will be discussed in detail in next section.  
 Next, we will show the frequency dependence of the real part of ac conductivity 
(ζ') at selected temperatures. Figure 4.27(c) shows the ζ'(f) of x = 0.3. The ζ'(f) shows 
nearly straight line above 200 K, but the curves deviate from linearity below 200 K till 
the lowest temperature. The ζ'(f) at T = 200 K is nearly frequency independent at low 
frequencies, but it deviates from linearity at higher frequencies and the deviation shifts 
towards low frequencies with lowering temperature. This frequency dependence of ac 
conductivity shows exactly similar behavior to that of Fig. 4.27(a). The ζ'(f) of x = 1 also 
shows similar behavior as Fig. 4.27(b) and is shown in figure 4.27(d).  
4.3.6.2 Discussions 
The important dielectric features of the present compounds (0.3 ≤ x ≤ 1) are 
summarized as follows: (a) The ε'(T) shows a step-like increase above the frequency 
independent region for all compositions (x = 0.3, 0.5 and 1) and the step shifts to high 
temperatures with increasing frequency, similar to that of La0.7-xBixSr0.3MnO3 with x = 
0.5-0.7. (b) Huge dielectric constant (ε' > 103) is observed for all x. (c) A peak in tan is 
observed for all x, which corresponds to the step in ε'(T). (d) The universal dielectric 
relaxation is satisfied for all x. (e) The compounds with x = 0.5 and 1 satisfied Debye 
relaxation process.  
Since the dielectric behavior in these compounds is similar to the dielectric 
behavior of La0.7-xBixSr0.3MnO3 with x ≥ 0.5, we will use the similar arguments as in 
chapter 3 here to understand the origin of huge dielectric constant and dielectric 
relaxation in the Fe doped compounds. The three main criteria used to realize the 




dielectric relaxation originate from intrinsic effects are: (a) satisfy the UDR model, (b) no 
rapid decrease in magnitude of the tanδ peaks with frequency, (c) same mechanism 
contribute to both dielectric relaxation and dc resistivity in the same temperature range. 
While the UDR model is satisfied by all x, the magnitude of tanδ peaks either remains 
constant or decrease/increase slowly with increasing frequency.  
Next, we will find out the mechanism responsible for the dielectric relaxation and dc 
resistivity. Fig. 4.28(a) shows the position of tan peaks (Tm) as a function of frequency 
using Arrhenius law (f = f0exp(-Ed/kBTm), where  f0 is a constant, Ed the activation energy 
and kB is the Boltzmann constant). The curves show linear fit to the experimental data for 
x = 1 only. Hence, the VRH model was used to fit the frequency dependent tan peaks 
using the equation, f = f0 exp(-T0/Tm)
1/4
, where f0 and T0 are constants. Fig. 4.28(b) shows 
100/Tm
1/4
 vs. lnf for all x. The curves show the best possible linear fit to the experimental 
data (symbols) for all samples, unlike the Arrhenius law fits well for x = 1.  
 
































Fig.4.28: The position of the tan  peak (Tm) verses frequency (Symbol) is fitted with 
the (a) Arrhenius law, (b) Variable range hopping model x = 0.3 – 1. The solid lines 
are guides to the eye. 





Next, we show the variable range model fits to the dc resistivity data in the 
temperature region below 200 K, for all compositions. Note that, the dc resistivity do not 
fit to the VRH model in one segment. Fig. 4.29 shows ln vs. 100/T1/4 for all x. The 
curves show the best possible fit to the dc resistivity data for all x. It is worth to mention 
here that, other models like Arrhenius law and Polaron model don’t fit to the dc 
resistivity data nicely in the same temperature region (not shown here). This result 
confirms that the dielectric relaxation in the compounds originates from intrinsic effects. 


























Fig.4.29: The dc resistivity data (Symbol) is fitted with the Variable range hopping 
model in temperature region, 80 K < T < 200 K, for x = 0.3 – 1. The solid lines are 
guides to the eye 
 
Fig. 4.30 shows the activation energy as a function of composition at T = 125 K. 
The activation energies are calculated from the linear fits of Fig. 4.28(b) and Fig. 4.29, 




 [149]. The Eρ and Ed denote the activation/hopping 




energies of dc resistivity and dielectric relaxation, respectively. The activation energies 
increase with increasing Fe concentration and both the energies are found to be 
comparable for all x, similar to that of Bi doped compounds. Furthermore, the Ed of the 
samples (Ed = 37.5, 62.6 and 138 meV for x = 0.3, 0.5 and 1, respectively) is much 
smaller than that of a typical ferroelectric and dielectric material (Ed ~ 0.9 eV) [187]. 
Hence, we conclude that the origin of dielectric relaxation in the samples is intrinsic in 
origin and is due to variable range hopping of localized charge carriers. The increase in 
localization of charge carriers with increase in Fe doping is caused by the disorder in the 
compound [163], which is suggested to the possible cause of the increase in dielectric 
constant with increasing x.  
 













Fig.4.30: (Main Panel) The activation energies of dc resistivity (E) and dielectric 











In summary, we have highlighted the interesting results as follows:  
1. Fe doping at the B-site transforms the long range ferromagnetic metal (x=0) to 
insulating spin glass like state for x=0.2-0.5 and finally converts to 
antiferromagnetic insulator for x > 0.5.   
2. A large magnetic entropy change ( mS = 4 J/kg K), relative cooling power 
(RCP= 225 J/kg) and operating temperature range (T = 60 K) is found in x = 
0.07 among the series at room temperature. This compound also shows negligible 
hysteresis under magnetic field and thermal cycles, which is a potential candidate 
for application as magnetic refrigerant material at room temperature.  
3. A large magnetoimpedance of Z/Z = - 21% near room temperature (T= 317 K) is 
observed in a small magnetic field of H = 500 Oe for x = 0.05 at f = 1 MHz, 
which can be exploited for magnetic sensor applications in the field range H = 
300 Oe -1 kOe where magnetoimpedance of an amorphous ferromagnet saturates.  
4. A large magnetoimpedance also found for x = 0.1 and 0.15, but they occur much 
below room temperature and at higher frequencies. Since the dc resistivity 
increases and permeability decreases with increase in Fe doping, the skin depth 
becomes comparable to the half thickness of the sample at higher frequencies and 
in turn the magnetoimpedance shows maximum value at higher frequencies.  
5. A large dielectric constant is found for the insulating compounds in the series. A 
step like increase in dielectric constant accompanied by peak in dielectric loss 
tangent is observed for all x and they shift towards higher temperature with 
increasing frequency. Interestingly, a large and nearly constant dielectric constant 




over a wide temperature range around room temperature is observed for x = 1. 
The dielectric behavior in these samples is caused by the intrinsic effects and is 
suggested to the variable range hopping of localized charge carriers. 






Electrical and magnetocaloric properties of La0.5Ca0.5Mn1-




In the previous chapters, we have studied the influence of A- and B-site cation doping on 
electrical and magnetic properties in ferromagnetic La0.7Sr0.3MnO3. In this chapter, we 
study the influence of B-site doping in a charge ordered compound. In particular, the Mn-
site doping is ultra sensitive to the charge-orbital ordered state of half doped compounds 





The charge-orbital ordered ground state of these compounds was destroyed by just 2% 
doping of transition metal ions at the Mn-site. However, neutron diffraction studies 
revealed the presence of CO domains with FM and AFM domains in micrometer scale at 
low temperatures for low doping (x ≤ 0.05) [188]. One of the interesting systems in half 
doped manganite is La0.5Ca0.5MnO3, which is a ferromagnetic (FM) metal at high 
temperature (ferromagnetic transition temperature, TC  220 K) and an antiferromagnetic 
charge ordered insulator at low temperature (antiferromagnetic transition temperature, TN 
150 K). This compound was studied earlier for its CMR effect [189] and it was shown 
recently that the charge ordering can be destabilized by doping magnetic and non-









[194]. In this chapter, we discuss the Ni doping effect on dc electrical, magnetic, 
magnetotransport, magnetocaloric and magnetoimpedance properties of La0.5Ca0.5Mn1-
xNixO3 with x ≤ 0.08.  




5.2 Experimental Details  
 
The La0.5Ca0.5Mn1−xNixO3 series with x = 0, 0.02, 0.04, 0.06 and 0.08 were 
prepared by the standard solid state reaction method from high pure (> 99.9% purity) 
La2O3, CaCO3, NiO and Mn2O3 compounds. After preheating the La2O3 compound at 900 
0
C for 8 hours, above precursors were weighed in appropriate proportions, thoroughly 
mixed and sintered at 900 
0
C for 12 hours. The regrinding and sintering process 
continued for two more times at 1000 
0
C for 12 hours and then final sintering in the form 
of pellet was carried out at 1200 
o
C for 15 hours. The obtained samples were 
characterized by X-ray diffraction at room temperature. Dc resistivity and magnetization 
as a function of temperature (T = 400 K-10 K) and magnetic field were measured using a 
PPMS and VSM. The temperature and magnetic field dependence of R and X were 
measured simultaneously in four probe configuration using the Agilent 4285A LCR 
meter and PPMS.   
5.3 Results and Discussions 
5.3.1 Structural characterization 
The X-ray diffraction patterns of La0.5Ca0.5Mn1−xNixO3 (x = 0, 0.02, 0.04, 0.06 and 
0.08) at room temperature are shown in Fig. 5.1. The samples are found to be single 
phase and they belong to orthorhombic structure with pbnm space group. The prominent 
peaks of x = 0 are indexed by miller indices (hkl), in accordance with the earlier reports 
[195]. The variation of unit cell parameters as a function of composition is shown in Fig. 
5.2. While the unit cell parameter decreases till x = 0.04 and then increases with 
increasing x along ―a‖ axis, it decreases with increasing doping concentration along ―b‖ 




and ―c‖ axis. However, the change in lattice parameter between x = 0 and 0.08 is very 
small (<0.025) for all axes.  
















































Fig. 5.1: (a) X-ray diffraction pattern of La0.5Ca0.5Mn1−xNixO3 (0 ≤ x ≤ 0.08) at room 
temperature  
























Fig.5.2: Unit cell parameters as a function of composition (Ni content). 
 




5.3.2 Dc electrical, magnetic and magnetotransport properties 




































T = 10 K
























Fig.5.3: (a) Temperature dependence of the magnetization, M(T), in 
La0.5Ca0.5Mn1−xNixO3 for x= 0, 0.02, 0.04, 0.06 and 0.08 under H = 1 kOe. The 
arrows indicate the direction of temperature sweep. Inset shows the inverse dc 
susceptibility (1/for all compositions as a function of temperature. The solid lines 
show Curie-Weiss law linear fits to the data. (b) M-H isotherms at T = 10 K for all 
the samples. 
 
Figure 5.3(a) shows the temperature dependence of dc magnetization, M(T), of 
La0.5Ca0.5Mn1−xNixO3 (x= 0, 0.02, 0.04, 0.06 and 0.08)  measured under H = 1 kOe during 
cooling and warming. The parent compound undergoes a paramagnetic to ferromagnetic 
transition at TC = 225 K followed by a ferromagnetic to an antiferromagnetic transition at 
TN = 135 K upon cooling which are in agreement with the previous results [196]. This 
low temperature AFM phase is also charge ordered. However, 2% of  Ni substitution at 




the Mn-site  destabilizes the low temperature  CO-AFM phase and transforms it into a 
FM phase which is reflected in the rapid increase of M(T) around TC = 134 K while 
cooling and  the enhanced magnetization at 10 K. It is surprising to note that the TC of 2% 
Ni doped compound is close to the TN rather than to the TC (= 225 K) of the parent 
compound. Although M(T) of x = 0.02 exhibits hysteresis during cooling and warming, 
the width of the hysteresis is much reduced compared to the parent compound. As the Ni 
content increases, the TC shifts to lower temperature (i.e. TC = 225, 134, 130, 89, and 85 
K for x = 0, 0.02, 0.04, 0.06, and 0.08, respectively).  
The temperature dependence of the inverse susceptibility () for all 
compositions is shown in the inset of Fig. 5.3(a) along with the Curie–Weiss (C-W) law 
( = (T-p)/C) fits (solid lines). It is found that, the inverse susceptibility curves 
strongly deviate from the C-W fits for all the Ni doped samples below 300 K. Hence, the 
C-W fits were done in the temperature range 300–400 K. We summarize the Curie 
constant (C), ferromagnetic Curie temperature (TC) estimated from the inflection point of 
the M vs T curve, paramagnetic Curie temperature (θp), effective magnetic moment (Peff) 
calculated from experiment and theory in Table 5.1. The effective magnetic moment 
calculated from both experiment and theory is found to decrease with increasing Ni 
content. However, Peff (expt) shows higher value than Peff (theory) for all compositions. 




 content from the nominal 




 = 50:50 in the parent compound) or possibly due to 
structural transition happening at higher temperatures as shown in LaMnO3, CaMnO3 and 
La1-xSrxMnO3 (0.13 ≤ x ≤ 0:45) by Souza et al. [196]. Hence, extension of the 
susceptibility measurement up to 900 K in our sample could provide better information 




on Peff. However, a strong deviation of 1/ from linearity observed below 300 K in the Ni 
doped compounds is noteworthy. This could be due to the presence of short-range 
ferromagnetic clusters above the TC and/or short-range charge-orbital regions in the 









 ratio) which can favor charge-orbital ordering (see the discussion 
later). 








0 225 0.61 3.723 246 5.46 4.39 
0.02 134 3.3 3.478 233 5.27 4.32 
0.04 130 3.26 3.398 225 5.21 4.26 
0.06 89 2.79 3.307 215 5.14 4.209 
0.08 85 1.9 3.24 221 5.09 4.19 
 
Table 5.1 The Curie temperature (TC), Saturation magnetic moment (Ms), Curie-
Weiss constant (C), paramagnetic Curie temperature (p), effective magnetic 
moment (peff) (experiment and theory) in La0.5Ca0.5Mn1-xNixO3. 
 
Fig. 5.3(b) shows the M-H isotherms at T = 10 K for all the samples measured 
after zero field cooling. The x = 0 compound shows a weak FM signal for  μ0H  ≤ 1 T 
and then increases linearly with H, at high fields. The low-field behavior suggests that a 
small fraction of high temperature FM phases survives down to the low temperature. The 
linear increase of M at high fields comes from the background AFM matrix. The 
magnitude of the magnetization is dramatically enhanced in x = 0.02 and 0.04. At μ0H = 5 
T, M reaches 3.31 B/f.u. for x = 0.02 which is slightly lower than the value expected for 






 ions. However, M-H curves show a 
strong irreversibility between up-field and down-field sweeps even at μ0H = 5 T. As x 
increases above 0.02, the hysteresis widens and M(5T) decreases in magnitude. The 




saturation magnetization (Ms) is obtained from the law of approach to saturation, by 
plotting M vs 1/H and extrapolating the linear part of the curve to the origin. The Ms 
values at T = 10 K are 0.61, 3.31, 3.26, 2.79, and 1.90 μB/f.u for x = 0, 0.02, 0.04, 0.06 
and 0.08, respectively. 















































Fig.5.4: Temperature dependence of dc resistivity, ρ(T), of La0.5Ca0.5Mn1−xNixO3 for 
x ≤ 0.08 in zero field. Inset shows the ρ(T) for x = 0, 0.04, and 0.08 under μ0H = 0 
and 5 T.  
 
The main panel of Fig. 5.4 shows the temperature dependence of the dc electrical 
resistivity, (T),  of  La0.5Ca0.5Mn1−xNixO3 (x= 0, 0.02, 0.04, 0.06 and 0.08) in zero field. 
Upon cooling, the (T) of x = 0 shows an abrupt increase around 145 K and then 
increases with lowering temperature. It also exhibits a large hysteresis during cooling and 
warming, as expected. The four probe resistivity reaches about 10
5
  cm around 50 K. 
The resistivity data below 50 K exceed the measurable limit of the instrument and hence 
it could not be measured. However, an insulator-metal (IM) transition is induced by just 
2% of Ni doping at the Mn-site and width of hysteresis is also dramatically reduced. As 




the Ni content increases further, the resistivity peak increases in magnitude and shifts 
down in temperature with increasing x i.e. TIM = 133, 121, 87, and 75 K for x = 0.02, 
0.04, 0.06, and 0.08, respectively. Furthermore, the width of hysteresis increases again 
with increasing Ni doping above x = 0.02. It is to be noted here that, the TIM of Ni doped 
compounds are close to their respective TC. The TIM shifts up in temperature and the 
width of hysteresis is dramatically reduced under external magnetic field. Another 
interesting aspect in resistivity is that, the parent compound (x=0) shows an IM transition 
under 5 T field (see the inset of Fig. 5.4). The width of hysteresis is also dramatically 
reduced under field and the TIM is found to be 82 K during cooling and 126 K during 
warming. 
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Fig.5.5: Temperature dependence MR for x = 0, 0.02, 0.04, 0.06, and 0.08 at ΔH = 5 
T. Inset shows activation energy as a function of composition, which is calculated 
from the Polaron model fit  /0 a BE k TTe    to the zero field dc resistivity data in the 
high temperature region.   
 




Fig. 5.5 shows the magnetoresistance (MR), ∆R/R (%) = [R (5 T)-R (0 T)]/R (0 T)] 
× 100, for x = 0, 0.02, 0.04, 0.06, and 0.08 at ∆H = 5 T. The MR of x = 0 increases 
gradually, shows an abrupt increase in magnitude around 145 K and then reaches 100% 
below 100 K. In contrast, the MR of Ni doped compounds show a peak around their 
respective TIM’s and then increase slowly below 50 K. However, the magnitude of 
resistivity at the peak is higher than the value at T = 10 K for all Ni doped compositions. 
The maximum value of the MR at its peak increases with increasing x, i.e. -∆R/R = 89%, 
93%, 98%, and 99% for x = 0.02, 0.04, 0.06, and 0.08, respectively. The activation 
energy is also calculated for all compositions using the Polaron model  /0 a BE k TTe   , 
where Ea is the activation energy, kB is the Boltzmann constant) fit to the dc resistivity at 
high temperature region and is shown in the inset of Fig. 5.5. The activation energy first 
increases with increasing x from x = 0 to 0.02 and then decreases with further increase in 
x i.e. Ea = 139, 142, 137, 126, and 122 meV for x = 0, 0.02, 0.04, 0.06, and 0.08, 
respectively.  
5.3.3 Magnetocaloric properties 
Fig. 5.6 (a) shows the magnetization isotherms for La0.5Ca0.5MnO3 from 120 K to 
190 K and Fig. 5.6(b) shows the isotherms from 200 – 280 K. We have shown the data at 
10 K interval for clarity although we have taken data at each 5 K interval. While the M-H 
curve shows a Langevin type magnetization above 240 K, it shows a complex behavior 
below 200 K (< TC). The magnetization rises rather quickly at low magnetic fields but 
shows a complicated behavior above 1T field and also exhibits hysteresis. The M-H data 
at 170 K and 160 K shows a huge hysteresis and rapid increase of magnetization above a 
critical magnetic field (Hc). These data clearly indicate that the sample is not truly in FM 




state between TC and TN. The hysteresis in M-H isotherms is dramatically reduced in x = 
0.04 as can be seen in Fig. 5.6(c). Although the TC  of  x = 0.04  determined from M-T 
curve is 130 K, M-H curves above 130 K, i.e., in the paramagnetic phase,  show 
anomalous increase in the magnetization (i.e., metamagnetic-like behavior) above Hc. 
The Hc decreases with temperature from μ0Hc = 4 T at 175 K to μ0Hc  0 T at 130 K.  
Below 130 K, the magnetization increases rapidly at low magnetic fields and then shows 
a tendency to saturate at high fields as seen in typical ferromagnet. However, the 
hysteresis persists even up to 5 T field. The M-H curves for x = 0.08 is similar to x = 0.04 
and is shown in Fig. 5.6(d). However, the magnetization increases gradually with field 
and does not saturate even at 5 T for x = 0.08 unlike x = 0.04, for which the 
magnetization saturates at higher field.  The x = 0.02 and 0.06 show M-H curves similar 
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Fig. 5.6: M-H isotherms of La0.5Ca0.5MnO3 (x = 0) at (a) 120 K ≤ T ≤ 190 K and (b) 
200 K ≤ T ≤ 280 K. M-H isotherms of (c) x = 0.04 and (d) x = 0.08. Note the field-
induced metamagnetic transition occurs for T > TC in x = 0.04.  





















(b) H = 2T
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Fig.5.7: (a) Temperature dependence of isothermal magnetic entropy change (ΔSm) 
of La0.5Ca0.5MnO3 for H = 2 & 5 T. Temperature dependence of ΔSm of 
La0.5Ca0.5Mn1−xNixO3 (x = 0.02, 0.04, 0.06, & 0.08) for (b) H = 2 T and (c) H = 5 T. 
 
Figure 5.7(a) shows temperature dependent ΔSm of x = 0 sample for H = 2 and 5 
T fields. We have used the forward sweep magnetic isotherms to calculate ΔSm. The Sm 
shows a broad negative peak around TC (normal MCE) and positive peak around TN (i.e., 
inverse MCE). Both the peaks increase in magnitude with increasing magnetic field. The 








) are found to be nearly equal for H 




) at TN is nearly twice its value 




) for H = 5 T. The observed ΔSm at TCO is much larger than 








 for Pr0.5Ca0.5MnO3 [196] 
and ≈ +2.3 Jkg-1K-1 for Nd0.5Ca0.5MnO3 [197], for the same ΔH). Materials which show 
both normal and inverse MCE can be used to produce cooling at TC and heating at TCO 
during adiabatic demagnetization. The inverse MCE is not necessarily due to charge 
ordering alone but it can occur due to structural transition at TN, which affects the lattice 
entropy , which is in agreement with the earlier report for x = 0 compound [196]. A 





 for H = 7 T) due to field-induced antiferro-ferromagnetic transition which was 
accompanied by an abrupt increase in volume [198]. On the other hand, all the Ni-
substituted samples show only a single (negative) peak in Sm around TC (see Figs. 5.7(b) 




 for H = 5 T at TC 




 for H = 5 T). It is worth to 




 at T = 
210 K and H = 5 T) in x = 0.02 compound. The peak value of Sm for H = 5 T 
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 for x = 0.02, 0.04, 0.06, and 0.08, respectively. 
The relative cooling power (RCP = -ΔSm
peak
 × δTFWHM) is a measure of quantity 
of heat transferred by the magnetic refrigerant in one ideal cycle and is negative of the 
product of peak value (ΔSm
peak
) and the full-width at half-maxima (δTFWHM) of ΔSm vs T 
curve. In addition to a large Sm, large RCP is important parameter for practical design of 
magnetic refrigerants. The obtained RCP values for x = 0, 0.04 and 0.06 are -126 (at 
TCO), +235 and +200 J/kg for H = 5 T, respectively and their respective δTFWHM values 




are 19, 70, 65 K. The RCP value of x = 0 is much larger than that of similar Ca-doped 
charge ordered manganites [196,197]. The Nd0.5Ca0.5MnO3 sample shows ≈ 66 J/kg at 6 
T [197] and the Pr0.5Ca0.5MnO3 shows even much lower value [196]. The RCP could not 
be estimated for x = 0.02 & 0.08 due to their ΔSm peak spread over a wide temperature 
range. 
The observed magnetocaloric effects are intimately connected to the field and 
temperature dependence of magnetization. The unusual field dependence of 
magnetization seen between TN and TC in La0.5Ca0.5MnO3 needs a special attention. It is 
known that La0.5Ca0.5MnO3 is orthorhombic at room temperature and transforms into 
monoclinic at low temperatures. While ferromagnetism develops in the orthorhombic 
phase, charge ordering develops in the monoclinic phase [199]. We suggest that short-
range charge-ordered clusters with monoclinic structure are already pre-formed in the 
ferromagnetic state. They grow in size with lowering temperature below TC but the long-
range charge ordering is established only at low temperature (TCO = TN). Under a high 
external magnetic field, monoclinic charge-ordered clusters transform into orthorhombic 
ferromagnetic phase for TN ≤ T ≤ TC. Louden et al [200] found evidence for the 
coexistence of nanometer sized charge-ordered regions within the ferromagnetic phase in 
La0.5Ca0.5MnO3. Based on thermal expansion and magnetostriction data Mahendiran et al. 
[201] suggested such a possibility earlier and have shown that external magnetic field 
induces monoclinic to orthorhombic transition between TC and TN in the same 












ratio and 2. It interacts magnetically with neighboring Mn ions. For x number of Ni
2+
 






 content decreases by 2x provided the oxygen stoichiometry is 





 following the charge balance relation 
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decreases to 46% and Mn
4+





 content decreases to 34% and Mn
4+
 content increases to 58%. While the decrease in 
Mn
3+







 ions, the increase in Mn
4+
 content above 50% favors charge-
ordering and antiferromagnetism in La1-xCaxMnO3 series [188]. In addition, 




 interaction can lead to local 
FM polarization of the Mn ions nearby. The existence of irreversibility in M-H curve 
even at 10 K in all Ni doped samples cannot be understood by assuming homogeneous 
ferromagnetic phase. In addition, the field-induced metamagnetic transition in the 
paramagnetic phase also cannot be explained with homogeneous phase. The substitution 
of Ni
2+
 breaks the long-range charge ordering of the parent compound 
at low temperature while inducing ferromagnetism. However, residual CO phase of the 
pristine compound (x = 0) might continue to coexist with the majority FM phase even 
below TC, i.e., Ni-substituted samples are phase separated. These clusters freeze in 
random directions below the Curie temperature in absence of an external magnetic field. 
Under a high magnetic field, these charge-ordered clusters transforms into ferromagnetic 
which gives rise to the observed high-field irreversibility in the M vs H data at 10 K in all 
the Ni-substituted samples. 
 


































































Fig.5.8: Temperature dependence of the ac resistance (R) (left side) and reactance 
(X) (right side) at f = 1, 3 and 5 MHz under different magnetic fields (μ0H = 0, 0.5, 1, 
2, and 5 T).  
 
Figures 5.8(a)-(c) show the temperature dependence of the ac resistance (R) at f = 
1, 3, 5 MHz respectively, under different dc bias fields (H = 0, 0.5, 1, 2, and 5 T). As the 
temperature is lowered from 260 K, the R(0 T, f = 1 MHz) undergoes an insulator to 
metal transition with a peak in the resistance occurring around T = TIM = 118.5 K, similar 
to the dc resistivity in zero magnetic field (Fig. 5.4). The magnitude of the peak decreases 
and shifts towards higher temperature with increasing strength of the dc bias magnetic 
field. In contrast to R(0 T, f = 1 MHz) data, the R(0 Oe, f = 3 MHz) exhibits a valley 
around the TIM and an asymmetrical peak on either sides of the valley. The peak below 
TIM decreases in magnitude and shifts towards higher temperature with increasing 




strength of the magnetic field and finally merges with the peak above TIM for μ0H > 1 T. 
In contrast, the magnitude of the peak above TIM decreases with increasing strength of 
magnetic field, but the position of the peak remains unaltered. The R at f = 5 MHz shows 
a similar behavior to the R at f = 3 MHz in the absence and presence of magnetic field. It 
is apparent that the positions of the two peaks in zero field are shifted further away from 
the dip as f is increased from 3 to 5 MHz.  A magnetic field of μ0H = 2 T is necessary to 
merge both the peaks at f = 5 MHz compared to 1 T at f = 3 MHz. Figures 5.8(d), (e), and 
(f) show the temperature dependence of the reactance (X) at f = 1, 3, and 5 MHz 
respectively, under different dc bias fields. In contrast to R(0 T,  f = 1 MHz) data, the X(0 
Oe, f = 1 MHz) shows a dip around the TIM. While the reactance is positive above 260 K 
(not visible in the scale of the graph), it changes to negative below 200 K. It becomes 
increasingly negative with lowering temperature until the dip at TIM is reached. The 
positive X above 200 K comes from the induction of eddy current in the sample which 
affects the skin depth and causes inductive reactance (X/Rdc (2t/)
2
 where 2t is the 
thickness of the sample,  is the skin depth). In addition, stray inductance in the 
connecting coaxial cable can cause positive reactance but it is minimized by performing 
the open/short load correction at room temperature.  We will not focus our attention on 
the behavior of X above 260 K, since the positive X is much smaller in magnitude 
compared to the negative X. The dip decreases in magnitude and shifts towards higher 
temperature with increasing strength of the dc bias magnetic field as like the ac 
resistance. The X at f = 3 and 5 MHz shows similar behavior to that at f = 1 MHz in the 
absence and presence of the magnetic field.   
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Fig. 5.9: Temperature dependence of the ac magnetoresistance (-R/R) [(a)-(c)] and 
magnetoreactance (-X/X) [(d)-(f)] under different H for f = 1, 3 and 5 MHz.  
 
Figures 5.9(a)-(c) show the temperature dependence of the ac magnetoresistance 
(ΔR/R(%) = 100×[R(H)-R(0)]/R(0)) at f = 1, 3, and 5 MHz respectively under different dc 
bias fields. The ΔR/R at f = 1 MHz is very small at 250 K for H = 0.5 T, but it increases 
with lowering temperature and shows a peak around 113 K and then decreases. The 
magnetoresistance is nearly constant below 80 K. The ΔR/R is negative in the entire 
temperature range and the magnitude of the peak increases with increasing H. The peak 
values of the -ΔR/R are 34.7%, 54.8%, 74.8%, 84.1%, and 89.5% for μ0H = 0.5, 1, 2, 3 
and 5 T respectively. On the other hand, ΔR/R at f = 3 MHz shows a change of sign with 
decreasing temperature. The R/R at H = 0.5 T is negative at 250 K and increases in 
value with decreasing temperature and reaches a value of -4.05 % around 136 K and then 




decreases and changes sign and exhibits a positive dip  around 117 K. Below 100 K, the 
R/R becomes negative again. As the field increases to 2 T, the magnetoresistance 
becomes negative in the entire temperature range but the dip is still present. However, the 
dip disappears and a broad maximum occurs around 127 K (133 K) for μ0H = 3 T (5 T).  
It is to be noted that the magnitude of the magnetoresistance at μ0H = 3 T is lower than at 
μ0H = 1 T below 100 K. The dip in ΔR/R is present for all the fields when f = 5 MHz.  
While the sign of R/R at the dip is positive (-R/R is negative) for μ0H ≤ 3 T, it is 
negative for μ0H = 5 T. The value of ΔR/R for f = 5 MHz at the dip increases from 
+59.2% at μ0H = 0.5 T to a maximum value of +106.7% at μ0H = 2 T and then decreases 
to -5.75% at μ0H = 5 T.  
Figures 5.9(d)-(f) show the temperature dependence of the magnetoreactance 
(ΔX/X = 100 x[X(H)-X(0)]/X(0) at f = 1, 3, and 5 MHz respectively under different dc bias 
fields.  We restrict the data to the temperature range from T = 10 K to 175 K for clarity. 
The ΔX/X at f = 1 MHz initially increases, shows a peak just below TC  and then remains 
nearly constant below 80 K, similar to ΔR/R at f = 1MHz. The peak broadens and the 
magnitude of the peak increases and the peak shifts to high temperature with increasing 
H. The magnitude of the ΔX/X is -98% at μ0H = 3 T c ompared to -83.3% at the same 
field strength for f = 1 MHz.  The peak seen at μ0H = 0.5 T and f = 1 MHz broadens and 
decreases in magnitude with increasing frequency. When f = 5 MHz, only a step like 
increase without the peak is seen at μ0H = 0.5 T. The value of magnetoreactance at other 
magnetic fields also decreases as the frequency increases. 
 
















































































Fig. 5.10: Magnetic field dependence of the ac magnetoresistance for different 
frequencies (f = 0.1 – 5 MHz) at (a) T = 50 K, (b) 100 K, (c) 125 K, and (d) 150 K.  
 
Next, we show the field dependence of ac magnetoresistance (ΔR/R) as a function 
of frequency (f = 0.1 – 5 MHz) at T = 50, 100, 125 and 150 K in Figs. 5.10(a)-(d) 
respectively. The ΔR/R at T = 50 K exhibits a sharp peak around the origin (μ0H = 0 T) 
for all the frequencies. The ΔR/R is negative in the entire H-sweep and its magnitude 
increases monotonically with increasing H. The maximum value of ΔR/R at the highest 
field (μ0H = 5 T) decreases slightly, from -78% for f = 100 kHz to -72% for f = 5 MHz.  
Although ΔR/R exhibits single peak around the origin for f ≤ 4 MHz when T = 100 K, it 
transforms into a valley around the origin accompanied by symmetrical peak on either 




side of origin around μ0H = μ0Hp = ± 0.88 T for f = 5 MHz. Note that the 
magnetoresistance at f = 5 MHz is positive at lower fields but changes to negative at 
higher fields. The transition from a single peak at the origin to two peaks away from the 
origin with increasing frequency is clearly demonstrated in the data for T = 125 K. The 
magnitude of the peak also increases and their position shifts towards higher field with 
increasing frequency i.e. the peak shifts from μ0Hp = ±0.57 T for f = 3 MHz to μ0Hp = 
±1.06 T for f = 4 MHz to μ0Hp = ±1.51 T for f = 5 MHz. However, the double peak 








































































Fig.5.11: Magnetic field dependence of the magnetoreactance for different 
frequencies (f = 0.1 – 5 MHz) at (a) T = 50 K, (b) 100 K, (c) 125 K, and (d) 150 K.  
 
The field dependence of -ΔX/X for different frequencies at T = 50, 100, 125 and 
150 K are shown in Figs. 5.11(a)-(d), respectively. The -ΔX/X exhibits a single maximum 
at the origin for all the frequencies and temperatures. The main difference between the 




data at 50 K and 100 K is that while -X/X curves  at 100 K show a sharp  decrease 
below 1.5 T and a gradual decrease at higher fields, it shows a gradual decrease up to 5 T 
at T = 50 K. At T = 150 K, -X/X exhibits bell shaped curve at all frequencies.  However, 
unlike ΔR/R, the maximum value of the ΔX/X (≈ -95%) remains same for all 
temperatures. 
In the metallic ferromagnet La0.7Sr0.3MnO3 zero-field R and X were found to 
increase abruptly around the TC and their values increased with increasing frequency 
[202].
 
The abrupt increase in R and X at TC was attributed to decrease in the skin depth () 
caused by the increase in μt. However, in the present sample, the magnitude of R in zero 
field decreases and a single peak around the TC splits into two peaks with increasing 
frequency. The X is negative and shows a minimum around TC. Hence, changes in the  
alone cannot explain the results. Castro et al. [203] found the splitting of a single peak 
into double peaks with increasing frequency in La0.6Y0.1Ca0.3MnO3 and suggested it to 
dynamical phase segregation. The magnetization study in our sample indicated 
inhomogeneous nature of our sample both above and below TC [195].
 
The PM state above 
TC is dispersed with short-range CO clusters and non-interacting ferromagnetic (FM) 
clusters in zero field. The CO phase penetrates the FM phase even below TC. Since 
electrical conduction in the PM state involves the hopping of charges in the form of 
polarons, the X is capacitive in nature and it increases with lowering temperature. 
However, the transition to the metallic state around the TC causes the capacitive reactance 
to decrease and inductive reactance to increase.     
We suggest that the field insensitive peak at TP2 is caused by the dielectric loss 
("() ='()/2f0,where '() is the real part of ac conductivity and 0 is the static 




dielectric constant) associated with the hopping of charge carries. While " is expected to 
decrease with temperature below its peak, scattering of charge carries by spin fluctuations 
around the TC increases R. There may be several FM clusters below TC, which are not 
connected to the percolating network. The external magnetic field suppresses the spin 
fluctuation and increases the inter-cluster FM interactions. At sufficiently high magnetic 
fields, the short range CO phase is destroyed and the volume fraction of the FM phases 
increases. Hence, R decreases and the peak at TP1 shifts towards high temperature with 
increasing H, while the position of TP2 peak is not severely affected. Hence, a positive 
ΔR/R occurs in a narrow temperature range between the peaks. Positive ΔR/R with 
increasing frequency was also reported in amorphous ribbons and was suggested to 
scattering of charges by domain wall oscillations and it is important to understand the 
other mechanisms casing positive magnetoresistance [204,205].  
5.4 Conclusions: 
I highlight the important results of this chapter as follows 
 Ni doping as low as 2% at the Mn-site transforms the charge-ordered 
antiferromagnetic ground state (x=0) to ferromagnetic state. An unusual field 
induced metamagnetic transition is also observed above TC for x = 0.02-0.06 and 
below TC for x = 0.  
 While all Ni doped compounds show normal magnetocaloric effect (negative 
entropy change) around the TC, the parent compound (x = 0) shows both normal 
and inverse (positive entropy change) magnetocaloric effect around TC and TN, 
respectively. 
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, H = 5 T) and 
relative cooling power (RCP = 235 J/kg, H = 5 T) around TC is found in x = 0.04 
in the series.  
 An unusual behavior in ac resistance is observed in x = 0.04. The R in this 
compound exhibits a single peak around the TC for f ≤ 1 MHz, which splits into 
two peaks with increasing frequency. While the low temperature peak decreases 
in magnitude and shifts towards high temperature with increasing H, the high 
temperature peak decreases in magnitude with increasing H but the position of the 
peak remains unaltered. A huge ac magnetoresistance of +106.7% at f = 5 MHz 
was found under 2 T field. 
 It is found that rf transport in this compound is very different from doped 
La0.7Sr0.3MnO3 system. We need an appropriate model to understand positive 
magnetoresistance. 
 




Conclusions and Future Work 
The present thesis work deals with the investigation of dc electrical, magnetic, 
magnetocaloric, magnetoimpedance and dielectric properties of selected A and B-site 
substituted manganites. The investigated systems are: La0.7-xBixSr0.3MnO3 (Bi doping at 
the A-site), La0.7Sr0.3Mn1-xFexO3 (Fe doping at the B-site) and La0.5Ca0.5Mn1-xNixO3 (Ni 
doping at the B-site). Although both Bi doping at the A-site and Fe doping at the B-site in 
La0.7Sr0.3MnO3 convert the ferromagnetic metallic state into an antiferromagnetic 
insulating state, the mechanisms of such change in magnetic ground states are different. 
A CMR state is induced at the bicritical point, where two different magnetic phases co-
exist. Investigation of ac transport study at high frequencies reveals a large low field ac 
magnetoimpedance for metallic compounds and large dielectric constant for insulating 
compounds in these series. Possible mechanisms have been discussed in the previous 
chapters. In this chapter, I highlight the main conclusions of the present work and suggest 
some possible future works.   
6.1. Conclusions 
 
6.1.1. Bi doping at the A-site in La0.7-xBixSr0.3MnO3 
6.1.1.1. Crystal structure, dc electrical and magnetic properties 
1. Based on structural, resistivity and magnetization studies, a phase diagram of 
La0.7-xBixSr0.3MnO3 has been obtained. It is found that, while the x ≤ 0.2 samples 
are crystallized in rhombohedral structure, the x ≥ 0.3 samples are crystallized in 
orthorhombic structure at room temperature. The x = 0.3 composition is at the 
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bicritical point, which separates the ferromagnetic metallic (x < 0.3) and 
antiferromagnetic insulating phases (x > 0.3) [206].   
2. The x = 0.3 sample shows a first-order paramagnetic to ferromagnetic transition in 
this series. The paramagnetic state in this compound is anomalous. Inverse 
susceptibility curve shows a strong deviation from Curie-Weiss behavior below 
T* = 250 K, which is much above the TC = 168 K.  
3. We suggested that, such an unusual behavior of x = 0.3 in the paramagnetic state 
is related to the incipient of short range charge-orbital ordering in the 
paramagnetic state. The melting of charge-ordered clusters also leads to a field-
induced metamagnetic transition above the TC [207].  
4. Below 100 K, the short-range charge ordered phases coexist with the long-range 
ferromagnetic phases. Such co-existence of phases leads to irreversibility in dc 
resistivity and magnetization as a function of temperature and field, field-induced 
insulator to metal transition, cluster glass state, colossal magnetoresistance and 
enormously large residual resistivity (~ 10
4
) at 20 K. 
6.1.1.2. Magnetocaloric Properties 
1. A large magnetic entropy change (∆Sm ~ -5.02 J/kgK for ∆H = 5 T) is found for x 
= 0.05 in the series and it decreases with increasing doping concentration.  
2. A significant value of ∆Sm (~ -2.45 J/kgK for ∆H = 5 T) over a wide temperature 
range (~ 50 K) and large refrigeration capacity (RC = 279 J/kg for ∆H = 5 T) are 
observed for x = 0.3, which is suggested to the short-range charge-orbital 
correlations in the paramagnetic state.  
3. Based on the aforementioned results, we have suggested that a stiff competition 
between ferromagnetic spin ordering and short-range charge-orbital correlations 
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may provide a strategy to increase the refrigeration capacity over a wide 
temperature range, which is the requirement for practical applications [208].   
6.1.1.3. Magnetoimpedance Properties 
1. It is shown that, while ac resistance in zero field exhibits an insulator to metal 
transition (TIM) around the TC for f  ≤ 1 MHz in x = 0.1, it exhibits an abrupt jump 
around the TC for f  ≥ 5 MHz. In contrast, the reactance in zero field shows an 
abrupt increase around the TC for f ≤ 10 MHz and an abrupt decrease for f > 10 
MHz. The jump in both ac resistance and reactance are suppressed under sub 
kilogauss magnetic fields and thus lead to huge magnetoresistance and 
magnetoreactance in the compound.   
2. A huge ac magnetoresistance (=  % at ∆H = 500 Oe and f = 5 MHz) is 
observed around its TC for x = 0.1 compared to that of dc magnetoresistance (<2 
%). These results indicate that the magnetoimpedance technique can be used as an 
alternative strategy to improve the low field magnetoresistance around room 
temperature for practical applications. 
3. A large magnetoreactance (=  % at ∆H = 500 Oe) is also found around the TC 
and it changes sign from negative to positive with increasing frequency above 10 
MHz. The change in the sign of magnetoreactance is suggested to the change in 
magnetization process of the sample at high frequencies. While both domain wall 
motion and domain magnetization rotation contribute to the magnetic 
permeability at low frequencies, only domain magnetization rotation contributes 
to the permeability at high frequencies.  
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4. It is shown that, while the field dependence of the magnetoresistance exhibits a 
single peak centered at H = 0 Oe for all frequencies, the magnetoreactance exhibit 
a single peak centered at H = 0 Oe for f < 10 MHz and double peak at H = Hk 
for f = 10, and 12 MHz. The peaks at H = Hk broaden and shift towards high 
magnetic field with increasing frequency and finally it disappeared for f > 12 
MHz. Because of the valley around H = 0 Oe, a positive magnetoreactance is 
observed around H = 0 Oe for f ≥ 10 MHz.  These observed features are suggested 
to arise from the magnetization dynamics of the sample caused by magnetization 
rotation and domain wall motion.  
5. The magnetoimpedance effect is also studied as a function of composition. It is 
found that the maximum value of ac magnetoresistance decreases in magnitude 
and its position shifts towards high frequency with increasing x. This effect is 
suggested to the increase in dc resistivity and decrease in magnetization or 
permeability of the compound with increasing x. 
6. Based on the above magnetoimpedance results for different samples, we have 
suggested that, optimization of sample preparation conditions (under magnetic 
field, annealing temp. etc), composition and frequency are essential to obtain a 
large value of magnetoresistance around room temperature [209].  
6.1.1.4. Dielectric Properties 
1. A large dielectric constant (> 103) is found for all the insulating compounds (x ≥ 
0.3) in the series.   
2. It is shown that, while the dielectric constant strongly depends on frequency at T 
= 20 K for x = 0.3, it is frequency independent at low temperatures for x > 0.3. 
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Such unusual behavior in x = 0.3 is suggested to phase separation in the 
compound.  
3. It is found that, as T decreases from 300 K, the ε'(T) of x = 0.3 increases and 
shows a peak. The peak changes into a plateau for x = 0.35. In contrast, the ε'(T) 
of x ≥ 0.5 samples show nearly temperature independent region at high 
temperature.  
4. The tan shows a peak for all x, which corresponds to the rapid increase in ε'. The 
tan peaks show relaxation behavior as a function of frequency, i.e. the peak in 
tan shifts to high temperature with increasing frequency. The origin of this 
relaxation behavior is suggested to the variable range hopping of localized charge 
carriers [210].  
6.1.2. Fe doping at the B-site in La0.7Sr0.3Mn1-xFexO3 
6.1.2.1. Dc electrical, magnetic and magnetocaloric properties 
1. The ferromagnetic metallic ground state of La0.7Sr0.3MnO3 is destabilized with Fe 
doping at the B-site. As Fe content increases, a mixed phase, in which long-range 
ferromagnetic and short-range antiferromagnetic phases co-exist, appeared for 0.2 
≤ x ≤ 0.5. As x increases above 0.5, the ground state changes into an 
antiferromagnetic insulator.  
2. The x = 0.05 sample shows the largest magnetic entropy change (∆Sm = -4.38 
J/kgK for ∆H = 5 T) in the series and the ∆Sm decreases with increasing x.  A large 
value of magnetic entropy change (∆Sm = -4 J/kg K), relative cooling power (= 
225 J/kg) and operating temperature range (T = 60 K) are found in x = 0.07 
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around room temperature, which is a potential candidate for magnetic 
refrigeration [211].  
6.1.2.3. Magnetoimpedance Properties 
1. A large ac magnetoimpedance (= % at ∆H = 500 Oe and f = 1MHz) is 
observed just above room temperature (T ~ 317 K) for x = 0.05. It is suggested 
that such low field MI can be exploited for sensor applications in the field range 
300 Oe – 1 kOe [212].  
2. It is shown that, the magnetoimpedance of a coil (~ -66%) wound around the 
sample is much larger than that of sample (~ -21%) by passing current directly 
through it. The sensitivity of the coil wound around the sample is also found to be 
much larger (=0.41%/Oe) than that of sample (=0.096%/Oe) by passing current 
directly through it. These results suggest that the magnetoimpedance and 
sensitivity of a coil wound around a ferromagnetic sample always show higher 
value than the sample with direct current passing through it [213].     
3. The magnetoimpedance is also found to be large for x = 0.1 and 0.15, but it occurs 
much below room temperature and at high frequencies. The conclusions drawn 
from the magnetoimpedance vs. composition in these compounds are similar to 
those of Bi doped compounds [214].  
6.1.2.4. Dielectric Properties 
1. The dielectric constant (> 103) is found to be large for all the insulating 
compounds (x ≥ 0.3) in the series and they show similar behavior to that of Bi 
doped compounds with x ≥ 0.5. 
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2. The dielectric behavior in these compounds is found to be of intrinsic origin 
and is caused by the variable range hopping of localized charge carriers [215].  
6.1.3. Ni doping at the B-site in La0.5Ca0.5Mn1-xNixO3 
6.1.3.1. Dc electrical, magnetic and magnetocaloric Properties 
1. A very small Ni doping (~2%) destabilizes the CO-AFM phase and transforms it 
into ferromagnetic phase.  
2. It is shown that, the M-H isotherms at T = 10 K exhibit field-induced 
metamagnetic transition, large irreversibility in magnetization and resistivity as a 
function of temperature and magnetic field for all Ni doped samples. Both 
ferromagnetic and charge-ordered clusters found to co-exist below TC for all 
doped samples, which are suggested to the cause of the above behavior. 
3. The magnetocaloric effect in this series reveals that, while the undoped compound 
(x = 0) exhibits both negative magnetic entropy change (normal MCE) and 
positive magnetic entropy change (inverse MCE), the Ni doped compounds 
exhibit only negative magnetic entropy change. The undoped compound (x = 0) 




 for ∆H = 5 T) 




, for H = 5 T) around TCO 
and TC, respectively [216]. 
4. The magnitude of Sm around the TC increases with increasing Ni doping, shows a 




for H = 5 T) and then 
decreases. The compound x = 0.04 also shows the largest relative cooling power 
(RCP = J/kg) in the series.  
6.1.3.2. Magnetoimpedance Properties of x = 0.04 
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1. While the ac resistance shows a single peak at TIM for f = 1 MHz, it splits into two 
peaks on either side of TIM for f > 1 MHz. Both the peaks shift in opposite 
direction in temperature with increasing frequency under H = 0 Oe. While the 
peak below TIM shifts to high temperature with increasing strength of H, the 
position of the peak above TIM is not affected very much under H. There is no 
previous observation of such an effect in other manganites [217].  
2. We suggested that, the peak above TIM is caused by the dielectric loss associated 
with the hopping of charge carriers. The field sensitive peak below TIM is 
suggested to scattering of charges by magnetic fluctuations.  
3.  A positive ac magnetoresistance is observed over a certain field range around the 
TIM (e.g. ∆R/R = + 80% at T = 125 K). The origin of such positive 
magnetoresistance is suggested to the competition between the dielectric 
relaxation, suppression of spin fluctuations below TC and increase in the volume 
fraction of the sample.  
6. 2 Future works 
1. The x = 0.3 compound in La0.7-xBixSr0.3MnO3 series showed a first-order 
paramagnetic to ferromagnetic transition. It is possible that the PM-FM transition 
is accompanied by a structural transition. Temperature dependent XRD will help 
us to understand the evolution of structure while going through a magnetic phase 
transition. A precise Reitveld analysis of XRD has not been done. A thorough 
investigation of Bi-O bond length and Mn-O-Mn angle will help us to understand 
correlation between magnetic and structural behavior.   
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2. The short-range charge-ordering and existence of ferromagnetic clusters in 
La0.4Bi0.3Sr0.3MnO3 compound have to be checked by neutron diffraction and 
small angle neutron scattering.  
3. Magnetocaloric studies have to be extended to other manganites to achieve large 
MCE over a wide temperature range around room temperature. Hence, we need to 
choose a compound to achieve stiff competition between the FM and CO states. 











 needs to be understood theoretically.   
5. The magnetoimpedance properties have to be studied in other manganites (i.e. 
thin films, single crystals) to know any mechanisms other than skin depth 
contribute to magnetoimpedance in manganites. 
6. The role of tunneling magnetoresistance in magnetoimpedance at high 
frequencies needs to be investigated.  
7. The effect of microstructure on the magnetoimpedance properties need to be 
investigated. 
8. Dielectric properties have to be extended to other manganites and need to 
optimize conditions to achieve low dielectric loss (tan <1) in insulating 
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